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QUOTATION

The following quotation concerns Dr Richard Feynman’s thoughts about
sclentific conferences. It describes a feeling which I have come to know

well over this period of study.

“At each meeting it always seems to me that very little progress is made.
Nevertheless, If you look over any reasonable length of time, a few years
say, you find a fantastic progress and it Is hard to understand how that
can happen at the same time that nothing is happening at any one moment
(Zenos paradox).

I think it Is something like the way clouds change in the sky - they
gradually fade out here and build up there and if you look later it is
different. What happens In a meeting is that certain things which were
brought up at the last meeting as suggestions come into focus as realities.
They drag along with them other things about which a great deal is

discussed and which will become realitles In focus at the next meeting”.

[R.P. Feynman (1961) summary of the Aix-en-Provence

Conference on particle physics].

If is my hope that some of the Ideas presented herein will become some of

the "realitles In focus" for this small corner In the world of enzymology.



SUMMARY

The specificity of guinea pig liver transglutaminase was
Investigated by the determination of modification sites within polypeptides
and proteins of known sequence and (in some cases) folded structure.
It was shown that some globular proteins have substrate properties for
transglutaminase in conformations which resemble their native states.

Novel substrate sites for transglutaminase were determined within the

following proteins:

1) bovine B-lactoglobulin.
2) the Hisygg— Glng,, mutant form of yeast phosphoglycerate kinase.
3) bovine B-casein.

4) porcine pepsin.

Despite the high exposure of many glutaminy! residues within these
proteins only a small fraction of these residues were observed to be
reactive towards transglutaminase. This Is taken to indicate that features
such as the chemical nature of the amino acid side chains in the local
vicinity of unreactive glutaminyl residues strongly determine the
specificity of transglutaminase.

when structural models were available for substrates of
transglutaminase, the local secondary structure associated with substrate
sites could be assessed. When no such models were available computer
bésed methods were used to predict the local secondary structures
assoclated with these sites. This approach allows substrate sites to be
classifled according to thelr local conformational preference Into

conformationally flexible (type A substrates) and more conformationally

restricted (type B substrates).
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Since diverse amino acld sequences are observed to surround the
reactive glutaminyl residues of many of the non-physiological substrates
of transglutamlnase, It was assumed that the glutaminy! residues within

these sequences were probably reactive due to having;

1) a favourable stereochemistry during modification by transglutaminase

2) a lack of inhibitory features.

In order to determine why some exposed glutaminyl residues were
reactive and others not, It was necessary to find features which were
present in unreactive sequences but absent in reactive ones. Through the
use of this approach an "anti-consensus sequence” motif was identified.
This was based on the observation that exposed glutaminyl residues which
were unreactive towards tran‘sglutamlnase often have charged residues
within their surrounding sequences. The distribution of allowed/disallowed
residues within substrate sequences, together with what Is known
concerning the conformational preference of transglutaminase for Its
substrates was built Into a preliminary set of "rules”. These rules may
provide a basis for understanding the observed speclficity of
transglutaminase. The application of these rules to a number of model
systems has resulted In the correct prediction of both reactive and
unreactive glutaminyl side chains within a number of proteins.

The demonst.ratlon of the substrate properties of the HIs,r’Glnw,
mutant of phosphoglycerate kinase illustrates the feasibility of

Ihtroduclng a novel substrate site for transglutaminase Into a protein

using recombinant DNA technology.
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ABBREVIATIONS

ADP :-Adenosine diphosphate
AMP :-Adenosinemonophosphate
ATP :-Adenosine triphosphate
Boc- :=N-tertbutyloxycarbony! group
BSA :-Bovine serum albumin
c- :-C-terminal carboxyl group of a peptide or protein
3-CAS :-bovine R-casein
cBzZ- :-Benzyloxycarbonyl group
c.d. :-Clrcular dichroism
CDNA :-Complementary Deoxyribonucleic acid
D- :~Dextrorotatory
DAP :-distributer array processor
DNAase :~Deoxyribonuclease
DNSC :-dansylcadaverine
DTT :-Dithreothreitol
EDTA :-Ethylenediamine tetraacetic acid
FAB :~Fast atom bombardment
FIB =fibrin
FIBRON ;—fibronectin
GDP :~Guanosine diphosphate
Glc~ :=Glucosy!-
GMP :-Guanosine monophosphate
GTP :~Guanosine triphosphate
Kcat :-Catalytic rate constant
kDa :=Kllodalton
Km :-Michaelis constant
Hb- :-Haemoglobin
HLA- :-Major histocompatibility antigen
HPLC :-High pressure liquid chromatography
1gG :-Immunoglobulin G
Ins :=Insulin
L- :-Laevorotatory
o 2-MAC :-a(%—macroglobulin
MES :=-(2-[N-Morpholinolethane] sulphonic acid)
mRNA :-Messenger ribonucleic acid
N- :-N-terminal amino group of a peptide or porotein
NAD :-Nlcotinamide adenosine dinucleotide
NADP+ :-Nlcotinamide adenosine dinucleotide phosphate (oxidized)
NADPH :-Nicotinamide adenosine dinucleotide phosphate (reduced)
nmr :-nuclear magnetic resonance spectroscopy
oDC :-Ornithine decarboxylase
PAGE :-Polyacryamide gel electrophoresis
PCA- :-Pyrrolidone carboxylic acid
pE- :-pyroglutamic acid group
SDS ;-Sodium dodecy! sulphate
TRIS :=(Tris[hydroxymethyl]lamino-methane)
PGK :-phosphoglycerate kinase
PGM :=Phosphoglycerate mutase
o 2-pP.I. :-%,-plasmin inhibitor
PTH- :-Phenylthiohydantoin derivative
RHOD :~rhodopsin

xvi



SV-1v :-Seminal vesicle protein (Type IV)

TCA :=Trichloroacetic acid

TEMED :-N,N,N’,N’-tetramethyletylenediamine

TFE :-Trifluoroethanol

TPCK :-N-p-toluene sulphonyl-L-phenylalanine chloromethylketone
TLCK :-N-p-toluene sulphonyl-L-lysine chloromethylketone

u.v. :~ultraviolet

VITRO :=Vitronectin

Xaa :-Unidentified PTH-derivative of an amino acid

Table 1.

Abbreviations of amino acids

Amino acid Three letter abbreviation One letter abbreviation
Alanine Ala A
Arginine Arg R
Asparagine Aan N
Aspartic acid Asp D
Asparagine or Asx B
Agpartic acid

Cysteine Cys c
Glutamine Gln Q
Glutamic acid Glu E
Glutamine or Glix 2
Glutamic acid

Glycine Gly a
Histidine His H
Isoleucine Ile I
Leucine Leu L
Lysine Lys K
Methionine Mot M
Phenylalanine Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophan Trp W
Tyrosine Tyr M
Valine val v

The designation for some post-translationally modified proteins discussed
in this thesis include X = Sulphonic acld derivative of a cysteine residue,
and Xaa = unknown amino acid (or derivative).



CHAPTER 1: INTRODUCTION

1.1. THE REACTIONS OF TRANSGLUTAMINASE(S)

The term transglutaminase was first used by Heinrich Waelsch and

coworkers {(Clarke et al 1957) to describe a calcium dependent

transamidating activity present in a number of tissues, which could be
measured by the covalent incorporation of amines (eg. histamine and
putrescine) Into a soluble protein fraction of mammalian liver
homogenates. Transglutaminases are now known to catalyse a catt
dependent aminolysis of glutaminyl side-chains via an acyl-transfer
mechanism in which the y—carboxamlde group acts as an acy! donor and
suitable primary amines, water, or the C—amino group of a peptidyl
lysine side chain may act as acyl acceptors. These enzymes are
sometimes termed protein-glutamine: amine-glutamyl-transferases, and
appear to be involved with diverse biological functions (see section
1.10.). This thesis Is primarily concerned with the specificity and general
biochemistry of the cytoplasmic transglutaminase of guinea pig liver (EC

2.3.2.13.). Thus the term “transglutaminase™ must be taken to refer to

the enzyme from this source uniess otherwise stated.

1.1.1. THE PURPOSE OF THE INTRODUCTION

The relationship between structure and function is a central paradigm
of molecular biology. Thus it Is highly unlikely that the physiological
role of an enzyme such as transglutaminase (see section 1.11.) may be
appreclated in the absence of an understanding of the basis of its
specificity. The Introduction to this thesis is intended to give the reader

sufficient background to the biochemistry of the transglutaminases so



that the discussion of the specificity of the enzyme may be viewed in
relationship to its physiological roles in vivo.
The phylogenetic and tissue distribution of transglutaminases are
considered in sections 1.1 and 1.2. The genes coding for a number of
transglutaminases have been cloned and sequenced from a number of
these tissues. The similarities in the structure of transglutaminases (see
section 1.3) and the cystelne proteinases suggest that they may be
distantly related (see section 1.4). This similarity extends to a common
catalytlc mechanism (see section 1.5.). Section 1.6. is designed as a
general guide to the handling of transglutaminase and describes some
of the general features which will be of interest to the protein chemist.
Reviews concerning the general chemistry and physiological role(s)
of transglutaminases have been published and are avallable [Lorand and
Conrad (1984) ; Zappia et al., (1988)]. More specialized subject areas are
reviewed elsewhere and these include; "The structure of
transglutaminases”: (Ichinose et al., 1930); "Mechanism and basis for
specificity of transglutaminase catalysed isopeptide bond formation®”
(Folk, 1983). This review is specifically concerned with the activity of
the liver transglutaminase and factor XIIla towards small synthetic amide
and amine substrates. To date (October, 1992) there has been no
published review concerning the specificity of transglutaminases towards
protein and polypeptide substrates and this subject is therefore

considered In detall in sections 1.7. and 1.8.



1 I ANSGLUTAMINASE
DISTRIBU

Calclum dependent transglutaminases are widely distributed in tissues and
body fluids (see section 1.2.2.) of most animals tested eg. sea urchin,
(Carlello et_al,, 1984), human (Lorand et al., 1981), and rat (Wong et al.,
1990). Recently a novel form has been detected in the adult worms of the
filarial parasite Brugia malay!/ (Mehta et al, 1990). This 22 kDa protein was
only found in female worms.

Non-calcium dependent transglutaminases have been recently discovered
in plant tissues (Margosiak et al., 1990), and bacteria (Ando et al., 1989).
The amino acid sequences of these two forms of transglutaminase are not
known and hence their evolutionary relationship to the calcium dependent

transglutaminases is enigmatic.

Transglutaminase activity is widely distributed amongst mammalian tissues
and is known to be due to the expression of a number of sequence related
proteins (see sectlon 1.3).

Some tissues appear to be constitutive in this activity while in others it
Is-usually absent unless Induced (see section 1.10.). The same form of
transglutaminase may be found In different tissues eg. the intracellular
80 kDa form Is found In both liver and lens tissue (Lorand et al,, 1981).
Other tissues In which activity has been detected include: hair follicles,

(Harding and Rodgers, 1972), epldermis, (Simon and Green, 1985), blood



plasma, (Lorand et al., 1981) and the coagulating gland of the anterior
prostate, (Porta et al.,, 1990). Muitiple forms of transglutaminase have
been detected in some tissues eg. two enzymically active bands,
corresponding to transglutaminase were observed following separation
of purified protein from guinea pig liver, using a non-denaturing

electrophoretic technique [details not given] (Lorand and Conrad, 1984)

(see section 1.3.5.).

1.3. THE STRUCTURE OF TRANSGLUTAMINASES

1.3.1. PRIMARY STRUCTURE

The complete amino acid sequence of guinea pig liver transglutaminase
has been predicted from the sequence of cloned cDNA (originally
complementary to Its mRNA), (Ikura et al., 1988). The molecular weight
was calculated to be 76620. The enzyme contains no carbohydrate, (Folk
and Chung, 1973) despite the presence of six potential Asn-linked
glycosylation sites and does not contain any disulphide bridges, (Folk
and Cole, 1966). A hydropathy profile of the liver enzyme suggests that
the active site Is at the amino end of a region of high hydrophobicity,
(Ikura et al.,, 1988). This may correspond to the hydrophobic pocket
predicted by Folk and Gross (1971). No "E-F hand" structures {(a common
catt binding sequence motif), have been located. The sequences of a
number of transglutaminases other than the liver enzyme have been
determined. These Include the factor XIIlIa from human placenta
(Takahashi et al., 1986), the human keratinocyte enzyme -(Yamanishi et
al., 1991), and others (see Ichinose et al., 1990). The sequences have
been aligned using computer based techniques against the guinea pig
liver sequence by Phillips et al., 1990. The evolutionary relatedness of

these proteins is discussed in section 1.4..



.2, SECONDA STRUCTUR

Circular dichroism studles of transglutaminase suggest that liver
transglutaminase has some stable secondary structure, (Folk and Chung,
1973). Calcium ions induce a conformational change which causes activation
of the enzyme (see section 1.6.2.). This does not effect gross changes in
size or shape of the enzyme molecule.

A comparison of the secondary structural predictions of different
transglutaminases (see section 12.2.1.), suggests that these proteins have
conserved secondary structure over large areas. Little X -helix is

predicted and 8-turn and B-sheet structures predominate, (Kim et al.,

1990).

1.3.3. TERTIARY STRUCTURE

The placental protein has been crystallized, and an almost complete three
dimensional data set collected, (Hilgenfeld et al,, 1990). The crystals
diffracted to a resolution limit of 2.7 Z. No three dimensional structural
model has yet been presented. However electron microscopy studies of
factor XIIla indicates that the a, dimer consists of two globular particles
of approximately 6 x 9 nm in size (Carrell et al., 1990). The extensive
sequence similarity of the liver enzyme to factor XIIla suggests that this

protein probably also contains globular structure (see section 1.3.1.).



1.3.4, QU ARY STRUCTU

The diversity of quaternary structure within the transglutaminase family
of proteins is reviewed elsewhere, (Ichinose et al.,, 1990).
Transglutaminases range in form from multi-subunit zymogens to single
chain forms. These proteins may be composed of identical subunits or as
larvge catalytic subunits and smaller regulatory subunits eg. plasma factor
XIIIa. The cytoplasmic guinea plg liver transglutaminase appears to be a

single stranded non zymogenic form.

1.3,5. POST-TRANSLATIONAL MODIFICATION OF TRANSGLUTAMINASE

A number of post-transiational modifications have been Identified within
this protein family. The guinea pig liver enzyme undergoes amino-terminal
processing, (Ikura et al,, 1989). This involves removal of the N-terminal
methionine and subsequent N-acetylation of the new N-terminal alanine
residue. Factor XIIlais actlvated following partial proteolysis by thrombin
in the presence of fibrin (see section 1.4.), (Takagl and Doolittle, 1974).
The keratinocyte transglutaminase is thought to be myristoylated within
a membrane anchoring region located within 10 kD of the N~ or C-
terminus Iin a hydroxylamine-sensitive (possibly thicester) linkage,
(Chakravarty and Rice, 1989). These and other presently unknown post-
translational modifications may account for the multiple molecular forms of

thése enzymes within single tissues (Lorand and Conrad, 1984) (see also

sections 1.2.2. and 1.11.4.4.).



-4. EVOLU ANSG N

The amino acld sequences of the four known transglutaminases (see
section 1.3.1.) are similar to each other and to protein Band 4.1, [a
component of the membrane skeleton of red blood cells, (see section
1.10.4.)]. The similarity Is particularly marked about the active site
Cysteine residue, (Phillips et al,, 1990). Band 4.2 does not appear to have
transglutaminase actlvity. The region of amino acid sequence within Band
4.2 which strongly resembles transglutaminase has an alanine residue in

the position normally occupied by catalytically active cysteine residues in

transglutaminases (Sung et al., 1990).

When identical amino acids are present at a given position in two of the
four sequences, it Is evident that the keratinocyte enzyme and factor
X1Ila are most similar fo each other. The same conclusion follows from
percentages of amino acld identity after aligning the sequences two at a
time. By contrast the tissue transglutaminase appears as closely related
to the band 4.2 protein as to other transglutaminases. This is compatible
with an initial divergence of the band 4.2 protein from the group, with
subsequent separation of the tissue enzyme from this lineage. The
catalytic subunits of factor XIIla and the keratinocyte enzyme may have
evolved from an anclent predecessor of the liver enzyme or a related
protein.

The deduced evolutionary relationships among these enzymes suggest that
N-terminal extensions seen Iin epidermal transglutaminases (Phillips et al,,
1990) occurred for specialised functions after divergence of the tissue
enzyme from a common lineage. This may also be the case Iin other
transglutaminases. An N-terminal extension Is proteolytically cleaved from
factor XIIla by plasmin during conversion of the zymogenic form of factor

XIIla (a,b,) to the enzymically active form (2a' (Lorand et al., 1980). This



sequence s encoded In a separate exon to the rest of the a subunit. It
is possible that the keratinocyte N-terminal extension and the activation
peptide of factor XIIla are derived from a common origin, followed by
gene divergence (Ichinose et al., 1986).

The active site sequence of both the liver enzyme and the other
transglutaminases shows considerable similarity to that of papain and
other cysteine proteinases (Ikura et al., 1987). Both families of enzyme
are known to have extended binding sites for protein substrates, and

this relationship Is discussed further in chapter 12.

1.5. THE CATALYTIC MECHANISM OF TRANSGLUTAMINASE(S)

The evidence relating to the mechanism of catalysis has been reviewed
elsewhere, (Folk 1983). This model of the catalytic mode of action Is
illustrated diagrammatically In Fig 1.1..

The enzyme Is thought to follow a modified double displacement
mechanism. Initially the acyl donor (glutaminyl side chain or analogue)
binds at the active site of the enzyme to form a covalent (though
normally short-lived) thioester (Glu - Cys) Intermediate with Cys,;. The
enzyme Is then thought to undergo a conformational change, concomitant
with release of the ammonium leaving group. This would leave the
enzyme-substrate complex avallable for hydrolysis by water to result In
a deaminated (GIn - Glu) product. In the presence of an appropriate
concentration of unbranched primary amine (eg. putrescine or a lysine
slde chaln), a modified GIn product eg.C—(fglutamyl)putresclne or&-()’—
glutamy)lysine is formed by nucleophilic attack on the thioester
intermediate by the amine (the amine must effectively compete with water
molecules at the active site). Following release of the product, the active

site Cysy; Is regenerated. The molecular structures of some of the

8



(a) (b) : (c)

Fig 1.1. THE MECHANISM OF ACTION OF GUINEA PIG LIVER TRANSGLUTAMINASE.

The amide substrate (glutamine) is shown to bind at the active site of
transglutaminase in diagram (a). The -SH group of the active site of the enzyme
is then thought to attack the carboxamide group of the substrate to form a
thioester intermediate (shown in b). There may be a conformational change at
this point in the mechanism and this Is depicted by the closing of the circular
collar which surrounds the bound thicester in diagram (b). Finally the enzyme-
thicester Iintermediate Is thought to be attacked by an Incoming amine
(nucleophile) substrate (see Fig 1.3. for some typical structures) and the amine
Is shown to exchange for an ammonium ion resulting ins(i) the formation of a
cross-linked product between the glutaminyl residue and the amine substrate
(ii) the release of ammonia. This Is shown in diagram (c) [see also Fig 1.2]. The

diagrams are taken from Folk (1983).



REACTION (a)

o)
E 1]

c?0  +  H,N-C — CN + NH,
NH, 'I"

EACTION (b

0O
[}
cfSHZ + HzN‘R _Eb HVC\N/R + NH3
|
H

Fig 1.2. TWO TYPES OF BIOLOGICAL R TIONS CATALYSED BY TGAS

Reaction (a) deplcts the transglutaminase catalysed cross-linking of protein
molecules via a € -(7r-glutamyl)lysine bond between the two molecules. This may
also provide the basis for stabilizing elements of intramolecular cytoskeleton

within cells.
Reaction (b) shows the incorporation of small molecular weight amines into the

7 -glutaminyl side-chains of proteins. This may be part of an Iimportant
regulatory system in cells (see section 1.10.11,),

[Symbols; P = protein molecule, E = transglutaminase]



products of transpeptidation of a glutaminyl residue by transglutaminase,

when either putrescine, or a lysine side chaln are shown in Fig 1.2..

1.6, TRANSGLU SE A Q0L FO EIN S

1.6.1, INTRODUCTION

The specificity (see section 1.7.), and mild reaction conditions required for
the activity of transglutaminase (sections 1.6.2.- 1.6.6.) make it a useful
tool for the protein chemist. Some general points concerning the activity

of transglutaminases in vitro are considered below.

Tissue transglutaminase has been shown to be 90% activated at a
concentration of 1 mM Ca?*, (Clarke et al., 1959). The problems associated

with the calculation of calcium dependency are considered by Cooke and

Holbrook (1974).

1.6.3. STRUCTURAL FEATURES ASSOCIATED WITH AMINE SUBSTRATES OF
TRANSGLUTAMINASE

All  unbranched, uncharged, aliphatic amines tested (including

hydroxyiamine) have been shown to act as substrates for



transglutaminase(s), (Folk, 1983 ; Clarke et al., 1959). Amines branched
prior to the F—position and those with an adjacent negative charge (eg.
aminobutyric acid) do not act as substrates, (Clarke et al., 1959). The
order of reactivity at pH 7.5 towards some of the commonly used primary
amines s : putrescine > glycinamide > histamine > spermine > cadaverine
> methylamine > ethanolamine. le amines which resemble the side-chain
of lysyl residues are the best substrates. The covalent structures of
some of these substrates are shown in Fig 1.3..

In the absence of primary amine, transglutaminases catalyse deamination
of glutaminy!l residues (Folk, 1983). A concentration ranging between 1.0

to 5.0 mM amine is usually sufficlent to Inhibit this reaction.

1.6.4. THE EFFECT OF TEMPERATURE ON TRANSGLUTAMINASE ACTIVITY

The curve for the dependence of the reaction with temperature, (using
heat treated liver homogenate as a substrate) exhibits the bell shape
characteristic of enzymic reactions, (Clarke et al., 1959). At pH 7.5 and
1 mM Ca'+ the rate doubles for a 10 °C rise In temperature up to a
maximum rate at between 30 and 37 "C and then falls off rapidly to less
than 10% of the maximum at §5 °C. The enzyme is not thermostable since
the half-time (t1/2) of the deactivation ranges from 65 min at 40 °C to
less than 30 s at 65 "C. This proposal Is supported by the observation
of Nury and Meunier, (1990) who have reported that the number of
titratable (and hence exposed) cysteines in transglutaminase correlated
directly with loss of activity when it was incubated at 55°C. Thus the
Inactivation of transglutaminase appears to be due to an initial unfolding
of the polypeptide chain, followed by the aggregation of polypeptide
chains. Inactivation via deamination or self cross-linking does not appear

to be responsible for the observed loss of enzymic activity. Birckbichler
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Fig 1,3. THE MOLECULAR STRUCTURES OF SOME AMINE SUBSTRATES OF TGASE

All of the commonly used amine substrates of transglutaminase shown above are
highly soluble in water in the range from pH 6.0 to pH 9.0. Radioactive isomers
of these compounds facilitate the calculation of the amount of amine bound to a
protein by transglutaminase and assist In the location of the reactive sites
within proteins during peptide sequencing. The structure of the commonly used
fluorescent amine substrate, dansylcadaverine is shown in Fig 2.4.



et al.. (1977) have reported that transglutaminase wiil ‘catalyse
incorporation of label into itself and cross-link itself into material of high
molecular weight. This may have been due to partial denaturation following

incubation at 37 °C for 1 hr.

1.6.5. THE EFFECT OF pH ON TRANSGLUTAMINASE ACTIVITY

Transgiutaminase Is active with a number of primary amine substrates
over the range pH 5.0 to 9.0. The pH optimum with different amines was
shown to vary between pH 7.8 and pH 8.3 (Clarke et al., 1959).
Aan ammonium salt such as tris(hydroxymethyl)aminomethane
hydrochloride (Trizma) does not have substrate properties and hence is
suitable as a buffer for /n vitro work. Substances capable of combining
with calcium, for example citrate, phosphate, pyrophosphate. and fluoride

should be excluded from reaction mixtures.

1.6.6, THE EFFECT OF REDUCING AGENTS ON TRANSGLUTAMINASE ACTIVITY

An early report suggested that transglutaminase was dependent on the
presence of sulphydryl activators (Block. 1954). This report led to the

routine addition of reducing agents to the assay media of

transglutaminase.

Brenner and Wold (1978) Investigated the modification of globular proteins
by transglutaminase in the absence of added reducing agent and observed
a "greater degree of discrimination In the utillzation of protein
substrates” relative to mixtures in which DTT was included. Reducing

agents such as DTT will cleave susceptibie disulphide bonds within

1



proteins and this will tend to increase the exposure of reactive glutaminy|

residues.
1.6.7 E U G A

Transglutaminase activity is reduced by the binding of guanine
nucleotides, such as GTP, (Bergamini et al.. 1987). GTP binding appears to
inhibit calcium binding and the associated conformational change at non-
saturating Ca?* concentrations, (Bergamini, 1988) [see section 1.5.].
Transglutaminase(s) have a low GTPase activity, (Lee et al., 1989).
The inclusion of GTP, GDP, and GMP In reaction mixtures appears to inhibit
the activity of both guinea pig liver transglutaminase, and factor XIIla.
It is possible that guanine nucleotides are reguiators of transglutaminases
In viva, It may also be significant that the £-()~glutamyl)lysine cross-link
content of the Intracellular proteins of the slime mould, Physarum
polycephalum appear to be modulated in vitro by treatment with Mg2*-ATP
and Mg#'-ATP plus calcium (Loewy and Matacic, 1981). The cross-links

appear to be concentrated within the proteins of the cytoskeleton (see
sections 1.10.3. and 1.11.3.), especially actin (see section 1.7.8.2.),

fibronectin (see section 1.8), myosin, and two proteins of 52 kDa and 51

kDa.
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7. TH IFICITY OF TRANSGLUTAMI

JTOWARDS GLUTAMINYL SIDE-CHAINS IN VITRO
1.7.1, INTRODUCTION

The specificity of transglutaminase has been investigated using a variety

of approaches. It has been tested on :

1) denatured proteins which contain multiple glutaminy! sites, in order to
examine the effect of different sequences surrounding glutaminyl residues
on glutaminyl| reactivity.

2) blocked synthetic dipeptides, to test the effect of neighbouring
residues on glutaminy! reactivity.

3) larger synthetic peptides where the effect of single amino acid
replacements In positions corresponding to a putative extended binding
site could be assessed.

4) fully folded globular proteins to assess the local secondary structure

assoclated with substrate sites which may be accommodated by

transglutaminase.

The results of these investigations are reviewed in the following sections
(1.7.2.-1.7.8.4.) under section headings which describe the general
structure of substrate being considered. The specificity of
transglutaminase towards small peptides Is dealt with first, [This has been
re'vlewed by Folk (1983)]. These substrates are expected to have highly
flexible structures In solution. Secondly larger peptides and proteins,
which have the potentlal to form secondary structure are discussed.
Finally the specificity of transglutaminase towards globular proteins is

considered. The apparent determinants of transglutaminase specificity are

13



discussed on the basis of the information collated from the preceding

sections In section 1.7.9..
The substrate sites of factor XIlIa within proteins are compared against
each other In sectlon 1.8. A possible basis for the observed differences In

specificity between factor XIIla and the gulinea pig liver enzyme is

discussed in section 1.8.4.

NOTE: Within the following sections reactive glutaminyl residues are
considered to be located at position zero in a given sequence. Residues on
the C- terminal side of the glutaminyl residues are designated positive
positions (eg +1, +2 etc., and residues N- terminal to the glutaminyl
residues are designated negative values relative to the glutaminyl residue

In question.

1.7.2. ALL PEPTIDYL~- GLUTAMINYL RESIDUES ARE POTENTIAL SUBSTRATES
FOR TRANSGLUTAMINASE

Using conditions in which the substrate properties of globular proteins
were compared against their performic acid oxidized counterparts, Toda
and Folk. (1969) showed that prolonged Incubation (48 hr) with large
quantities of transgiutaminase Iis probably sufficient to cause modification
of most glutaminyl sites within the following denatured proteins : lysozyme
(chicken egg white), ribonuclease A (bovine pancreas). insulin (bovine
pancreas) and haemoglobin (human). The non-denatured counterparts were
génerally far less reactive. In consideration of the variety of amino acid

residues in close vicinity to glutamine residues within the protein

substrates studied, the authors concluded :

14



"It seems that polypeptide conformation and not pPrimary sequence renders

certain glutamines totally resistant to transglutaminase”.

While this observation Is probably true, there are considerable differences
in the reactivity of different glutaminyl residues within a polypeptide
sequence and this Is considered in sections 1.7.3. to 1.7.8.. The reactivity
of glutaminyl residues within polypeptides and proteins towards

transglutaminase appears to be strongly influenced by conformational

factors which include:

1) local steric factors.
2) secondary structure,

3) tert_lary structure,

Factors such as hydrophobic, electrostatic, and other chemical features
assoclated with polypeptide sequences may also influence the reactivity

of a glutaminyl site Independently of their effect on polypeptide

conformation.

1.7.3. SMALL ALIPHATIC AMIDES

All straight chain aliphatic amides tested (with the exception of formamide)
have been shown to act as substrates for transglutaminase (Folk 1983).

Amides branched at positions before theﬂ -position are poor

substrates. All transglutaminases tested to date are unreactive towards
free glutamine. There Is almost complete stereospecificity towards L-

glutaminyl residues within synthetic peptide substrates.
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The reactivity of the liver enzyme towards simple blocked dipeptides has
been shown to be: CBZ-L-GIn~-L-Val ethylester > peptides where the Val Is
replaced with another amino acid In the order: L-Tyrosine > L-Leucine >
L-Alanine > L-Glycine > D-Valine > L-proline. Carboxyli-terminal glutaminyl
residues are even poorer substrates (Neidle and Acs, 1961). The
Iehgthening of the peptide chain between blocking group and the
glutaminyl side-chain was shown to reduce the activity of peptides
relative to CBZ-GIn-Gly eg. CBZ-GIn-Gly is ten times better as substrate
than CBZ-Gly-Gin-Gly, and this in turn is ten times better than CBZ-Gly-
Gly-GIin-Gly, (Gorman and Folk, 1980). Tetra and pentapeptides are less
reactive relative to thelr carboxypeptide esters (Folk and Cole, 1965).
Removal of the CBZ-blécking group abolished the substrate properties of
t'hese peptides. However larger peptides were found to retain activity on
removal of the blocking group. The substrate properties of a humber of
larger unblocked synthetic pPeptides have been investigated, Folk (1983)

[see section 1.7.5.].
1.7.5. LARGER UNBLOCKED SYNTHETIC PEPTIDES (4-15 residues)
1,7.5.1, INTRODUCTJION

A number of peptides with sequences based on known labelling sites

within proteln substrates have been synthesized and tested as

transglutaminase substrates. In_virtually all cases the specificity of the

This Is

dlscussed further In section 1.8.4.
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1.7.5.2, FIBRONECTIN PEPTIDE ANALOGUES

On the basis of half-saturations of the enzymes, the acceptor affinity of
the peptides using dansylcadaverine as acyl acceptor were in the order

shown in Fig 1.4. (Parameswaran et al.. 1990).

Boc-Q-Q-I-V > Boc-A-Q-Q-I-V > p-E-A-Q-Q-I-V

The acceptor affinity was In the reverse order for factor XIIla. Cross-
linking of both B-Bp crystaliin (see section 1.7.8.) and fibrin (see section
1.8.) by transglutaminase was effectively inhibited by Boc-Q-Q-I-V when
used in conjunction with the liver enzyme. Whether only one or both

glutaminy! residues were modified was not reported.

1,7.5.3, B-CASEIN PEPTIDE ANALOGUES

The k.,./Km (app) ratlo has been used as a measure of the specificity of
gdlnea pig liver transglutaminase and factor XIIIa for a variety of
peptides modelled on the known substrate site of factor XlIlla in non-
succinylated bovine B-Caseln (ie. GIn,,,), shown in Fig 1.5. Peptides [1]

and [2] represent parental sequences upon which a number of related

peptides were designed. The effect of a number of single, and multiple

17



substitutions of residues by glycine along the sequence on the substrate
properties of these peptides was investigated. The specificity of guinea
pig llver transglutaminase towards these peptides appeared to be
approximately twice that of the enzyme towards Gin,,, in intact bovine 8-
casein, and was different to that of factor XIIla (Gorman and Folk, 1980)

(see section 1.8.). Dansylcadaverine was bsed as the amine substrate.

*
PEPTIDE [1] NH,-S-V-L-S-L~-S-Q-S-K-V-L-P-V-P-E~COOH

»
PEPTIDE [2] NH,-L-G~L-G-Q-G-K~-V-L-G-CONH,

Fia 1.5. MODEL PEPTIDES BASED ON BOYINE B-CASEIN

The reactive glutaminy| residue is indicated with an asterix

In peptide [1] most single amino acld replacements reduced substrate
characteristics, (Gorman and Folk, 1981). Multiple replacements reduced
them further.The simultaneous replacement of the residues at positions,
+2, +4, and +6 with serine residues in peptide [2] (Gorman and Folk, 1984),
had little effect on the substrate properties of the product. This may
reflect the generally favourable chemical nature of small hydroxylated
amino aclds within transglutaminase substrates [noted by Yan and Wold
(1984)]. Substitution of residues in the region C-terminal to the glutaminy!
residue by glycine reduced substrate characteristics more than those N-

terminal to this residue. This was taken to reflect a requirement for

hydrophobic groups In this area.
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The effect of succinylation on the substrate properties of a number of
these peptides was tested. The effects were not explicable on the basis
of increased steric blocking of reactive glutaminyl residues. Selective
succinylation of the &amino group had a variable effect depending on
the peptide modified. Gorman and Folk (1984) have suggested that the
reason for the high substrate effectiveness of bisuccinylated peptides

could be due to the reduction of positive charge on the side chain of

Lys,.

1.7.5.4. FIBRIN PEPTIDE ANALOGUES

A synthetic tridecapeptide was designed on the basis of the known
amino aclid sequence of the substrate site for factor XIIla within the C-
terminal [Leuy; to Glyy;5] region of the Y-chaln of human fibrin (Chen
and Doolittle, 1971). The sequence of this peptide is shown in Fig 1.6.
The peptide is a poor substrate when compared to the parent protein
or the succinylated }’-chain alone, when dansylcadaverine was used as
the amine co-substrate (Gorman and Folk, 1980). Even lower specificities

were observed for shorter peptides based on this region of fibrin.

1 L-T-I-G-E-G-Q-Q-H-H-L-G-G 13

Fig 1.6. MODEL PEPTIDE BASED ON FIBRIN

Sequence analysis of the dansylated peptide indicated that the majority

of the dansylcadaverine was located in Gln; with little incorporation into
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Gln, following modification by guinea pig liver transglutaminase. This

indicates that GIn, is the more reactive of the two glutaminy! sites.

1.7.6, NATURA OCCURR -

1.7,6.1. INTRODUCTION

A number of polypeptide hormones have been tested as model substrates
for transglutaminase. These include: X and B-endorphin (Porta et al., 1988)
[these correspond to the amino acid sequence from Tyrg, to Thr,, and the
Tyrg, to Glu,, C-terminal fragments of the hormone B-lipotrophin (Li,
1864)], substance P, (Puccl et al, 1988), melittin, (Perez-Paya et al., 1991)
and glucagon, (Folk and Cole, 1965). The labelling sites within these

proteins have been aligned in Table 1.1..

The polypeptide substrates shown in Table 1.1, were all modified under
similar conditions le. saturating calcilum concentration (5 mM) between pH
7.0 and pH 8.0 at temperatures In the range 25-37°C. A varlety of primary
arﬁlnes were used as substrates (amine structure is not expected to

strongly affect the specificity of transglutaminase for these glutaminyi

residues, see section 1.6.3.).
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able 1 S

HORMONES

PROTEIN RESIDUE AMINO ACID SEQUENCE * RESIDUE
B-ENDORPHIN 4 F-M-T-s%sm T-T-P~L-V-T-L 18
GLUCAGON 1 Nﬂ;—&s Q{G-T-F-T-8-0)¥ 10
GLUCAGON 17 T-L-@sMA a{D)-F-v-a-w-L-@-cooH 31
SUBSTANCE P 1 N“;-&P&P -} Q-F-F-G-L-{)-CooH 1

MELITTIN 18 S-N-I&m:

* The amino acid sequences are aligned against the reactive glutaminyl residue within the
sequence shown. The alignment of some of the peptides on either side of the modified
residue is 1imited in some cases by the termination of the chain at the amino (N-) or

carboxy (COOH) ends.

{Positively charged residues Am Negatively charged residues = an .

The diversity of amino-acid sequences adjacent to the modification sites
indicates that the specificity of transglutaminase for this type of
substrate Is quite broad. The positive charge located on the N-terminal
side of the modifled site in all cases, did not preclude modification at
these sites. However In no cases are positively charged side-chains located
nearer than nine residues to the C-terminal side of reactive glutaminyl
resldues. Negatively charged residues are observed to be distributed on
both sides of reactive glutamine residues, and hence their presence does

not appear to reduce substrate properties of the parent polypeptide in

these cases.
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1.7.6.3. SECONDARY _STRUCTURAL _FEATURES _ASSOCIATED WITH

POLYPEPTIDE HORMONES

Polypeptide hormones have characteristically flexible structures at
neutral pH, (Blundell and Wood, 1982). The preferred conformation
depends on whether the charge state of the molecule, its concentration
and the solvent in which It is dissolved. Physicochemical techniques
have indicated that even short peptides may have some secondary
structure in solution. For example; Substance P has been predicted to
have B-sheet/B-turn potential, (Willlams and Weaver, 1990).
B-Lipotrophin, [Hollosi et al., (1977) ; Yang et al.,, (1977) ; Llchtarge,
(1987), and melittin (Terwilliger and Eisenberg, 1982) appear to have
some @helical structure in aqueous solution.

Glucagon has been crystallized (Saskl et al. 1975) and the three
glutaminyl residues are located in reglons which differ In local
secondary structure. The first eight residues of the N-terminal region
appear to have an extended conformation after which the peptide
becomes increasingly more X-helical towards its C-terminus. It may be
significant that Gln,, which Is the only unreactive glutaminyl residue
within glucagon appears to be sterically blocked by residues which
neighbour it in its primary sequence. This is shown in Fig 1.7. The
rigidity of local structure about Gln, has been verified by a n.m.r.
study (Blundell, 1979). Thus it is not clear what the overall
conformational similarity of these polypeptides Is at the active site of
transglutaminase. The structure of glucagon has been reviewed by
Blundell and wood (1982).

A number of glutamine-containing polypeptide hormones do not have
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NH,H-S-Q-G-T-F~-T~-§-D-Y-S-K-Y-L~D-S-R-R-A-Q-D-F-V-Q-W-L-M-N-T-COOH

(iii)

Receptor

(b)
Fig 1.7. THE STRUCTURE OF BOVINE GLUCAGON

(a) The primary amino acid sequence

(b) (i) The differently folded trimeric structures of glucagon.
(ii) The monomeric form In helical and an extended conformation which are
thought to exist Iin dilute aqueous solution.

The trimeric forms are thought to dissociate to give an eqilibrium population of
flexible monomers, but at the receptor an «&-helical conformer (iil) is probably
stabllized. Diagrams (b) is from Blundell (1979).



reported that the cyclic peptides oxytocin, and vasopressin, show no

substrate characteristics. Thelr primary sequences are shown in Fig 1.8.

a) ,C-Y-F-Q-N-C-P-R-G, b) ,C-Y-I-Q-N-C-P-L-G,

Flg 1.8, THE AMINO ACID SEQUENCE OF a) VASOPRESSIN AND D)

oxyrocin [& &= cystinel.

Although these cyclic peptides are known to be highly flexible In aqueous
solution (Urry et al,, 1981), they have reduced conformational properties
relative to thelr linear counterparts. Their non-linear topography may
exclude their entry at the active site of transglutaminase If preferred

substrates bind in extended or « -helical forms. The folded structure of

these peptides based on nmr studies (Urry et al., 1981) is shown In Fig

1.9.

1,7.7. DENATURED POLYPEPTIDES AND PROTEINS

1.7.7.1,INTRODUCTION

The following sections (1.7.7.2. to 1.7.7.3.) consider the evidence
concerning the differential reactivity of glutaminyl residues within

denatured polypeptide sequences which contain relatively large numbers

23



(b) THE STRUCTURE OF OXYTOCIN

Fig 1.9. THE NMR STRUCTURES OF TWO UNREACTIVE NEUROPHYSEAL HORMONES

The similar conformations of vasopressin (a) and oxytocin (b) are shown In their
proposed biologically active conformations above. Viewed from the top there Is
a hydrophil Ic cluster of amino acid side chains in each molecule. In vasopressin
this comprises the hydroxy!l of Tyr, and the carboxamide groups of GiIn,, Asn,,
and Glycinamide, groups. In oxytocin the cluster comprises Gln,, Asn,,
glycinamide9 and the basic moiety of Lys,. The sequences of these peptides are
shown In Fig 1.8 and In solution they are thought to be highly flexible molecules.

The dlagrams are taken from Urry et al, 1981.



of highly exposed glutaminyl residues with diverse flanking sequences
surrounding them. In section 1.7.2. it was stated that most glutaminyl
residues within proteins are potentlally reactive given sufficiently forcing
conditions eg. long Incubation times in the presence of high concentrations
of transglutaminase. However by reducing incubation times and using
reduced quantities of enzyme the most reactive glutaminyl residues may
be identifled. The amino acld sequences surrounding reactive sites may be
compared with substrate sites within synthetic substrates (see section
1.7.5.) and polypeptide hormones (see section 1.7.6.) In search of
consensus features. It Is also possible to examine the sequence motifs

associated with unreactive sites for features which may discourage

reactivity of these sites.

The sites of modification by transglutaminase within heat denatured
haemoglobin (Pincus and Waelsch 1968) and oxidized insulin (Toda and
Folk, 1965) are aligned against the reactive giutaminy! residue in Table
1.2.. Samples were Incubated for short incubation times (1 to 4 hr) and
this approach revealed a number of preferred sites of labelling.

A consideration of the primary structure surrounding reactive sites
indicates a dlversity of sequence comparable with that noted in
pdlypeptlde hormone and synthetic peptide substrates (see sections 1.7.5.
and 1.7.6.).

The negative charge (pKa = 1.8) Imparted by oxidation of free cysteine

side chains to the sulphonic acld derivative at positions : -4, +1, +2, +3,
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+5 did not prevent reaction of neighbouring glutamine residues within

insulin (Toda and Folk, 1965).

Tabl R TRANSG AMINASE WITHIN DENATURE

ULIN AND HAEMOGLOBI

- - -~ - " - v T n = - A N o = = - - - s A e 0 e -

PROTEIN RESIDUE No AMINO ACID SEQUENCE RESIDUE Ho
Hb A 48 L-8-H-G-8-A-Q-VAR-G-H-G /AR 61
Hb A 121 EF-T-P-P-v-Q-A-A-Y-QR-V-V 134
s A 9 V-Gg8-L-Y-Q-L@N-Y {Cx) 22
s A 1 NH- G-1-V(E}a-Go9A-3-v€x) 1
INS B 1 Ny ~F-N-N-Q-H-L~C-G-8-H-L 1

i e 0 > o % = - e =+ " s % e 8 = = = 2 e o o =k e e ot o = o o

Keyl Hb= Human haesoglobin A= -chain, B= B-chain. INS= Human insulin [periodic acid treated
(x=sulphonic acid derivative of cysteine residue)]. A = positivelv charged resigues and
© = neaatively charged residues,

The positive charge imparted by the lysyl residues on the C-terminal side
of GIn,, In haemoglobin may reduce the reactivity of this and other sites,
since succinylation of haemoglobin greatly improved the substrate
properties of denatured haemoglobin, Pincus and Waelsch, (1968). The

unreactive sites within non succinylated haemoglobin are aligned in Fig

1.10.
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33 Viv{w-P-W-T}QfR-F-F7E-S-F-G 46

138

Fig 1.10. UNLABELLED GLUTAMINYL RESIDUES OF HUMAN HAEMOGLOBIN

(8-CHAIN) Residues at identical positions are boxed with a solid line ,

while other similar motifs are boxed ith hatched lines

The presence of the positively charged arginine and lysine at position
+1 may reduce substrate properties of these sites. However the presence
of a number of bulky side chains within these sequence could equally
cause this by steric blocking eg. Trpy, Phe“, Phe‘z, and Tyra-

Although these proteins are considered denatured following treatment
with heat and/or chemical modification, some local secondary structure
may be retalned In reglons adjacent to potential glutaminyl substrate
sites. The secondary structure associated with some of these sites has
been predicted using computer based methods, see section 8.2.. It may
also be . significant that unreactive Giny, has a -Q-R-F-F- motif which
resembles the -Q-Q-F-F- motif associated with the reactive Gin; in

substance P (see section 1.7.6.2.) altough the reactive sequence lacks

positive charge.

1.7.7.3. SUCCINYLATED BOVINE B8-CASEIN

a) INTRODUCTION

Bovine B-casein has a largely disorganized structure at neutral pH
(Herskovitz, 1966). The amount of discretely folded structure is thought

to be reduced further at high pH when in its succinylated form (Yan
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to be reduced further at high pH when In its succinylated form (Yan
and Wold, 1984). The structure therefore is assumed to approximate a
random coil In this form. The majority of the glutaminyl residues are
expected to be fully exposed. While this assumption may exaggerate the
true solution structure of B-casein, the molecule is nevertheless a
suitable model system for the Investigation of determinants of
transglutaminase specificity which reside within the linear sequence of

polypeptide and protein substrates. The rationale for this is that;

1) Large stretches of the molecule may approach a random coil
conformation at any one time. Thus it must be features of the linear
sequence of succinylated (and hence denatured) B8-casein, and not gross

conformational constraints which determine the reactivity of glutaminyl

resl duesf.

2) B-casein contains a total of twenty two glutaminyl residues, which are
surrounded with a diverse distribution of charged, uncharged,
hydrophobic, hydrophilic etc. amino acid residues. Hence by comparing
reactive and non-reactive sequences within this substrate a large
amount of Information concerning transglutaminase specificity may be

deduced from a single protein substrate.

+ In the absence of stable secondary structure, steric blocking of
glutaminyl residues from the active site of transglutaminase may be
facilitated by the presence of large amino acid side chains (eg.
tryptophan, isoleucine etc.) If they are sufficiently close to a glutaminyl

residue even if relatively free rotation is possible at the peptide bond

linking the two residues.
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b) THE PRIMARY SEQUENCES ASSOCIATED WITH SUBSTRATE SITES IN

SUCCINYLATED B-CASEIN

The modification sites within the succinylated protein were determined
by direct sequencing (Yan and Wold, 1984), using dansylcadaverine and
N-(Glc-Glc-glucitol-1)-cadaverine [maltotriose reductively amidated with

cadaverine as acyl acceptors. The labelled sites are shown in Table 1.3..
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Table 1.3, THE SUBSTRATE SITES FOR TRANSGLUTAMINASE WITHIN

SUCCINYLATED BOVINE 8-CASEIN

RESIDUE NUMBER RESIDUE NUMBER

47 61

4'9 63
72 86
161 175
168 182
175 189
187 200

* Amino acid residues which are present at identical positions relative to

the modified glutaminyl residues within these sequences have been boxed.

All the labelled sites were modifled to an extent > 80X except for Gin,,
and Gln,,,, which were modified to 30 ¥ and 60 X respectively. The labelled
sites tend to be in relatively hydrophobic sequences and lacking In
charged residues relative to many of the unlabelled residues (see Table
1.4.). It may be significant that positively charged residues are generally
not present In the reglon C-terminal to reactive glutaminyl residues. In

those cases where they are present the charge on the lysine residue had
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been reversed by succinylation, or the glutaminyl residue was only

partially modified indicating a reduced reactivity.

A secondary structural prediction of the structure of bovine B-caseln Is
available (Holt and Sawyer, 1988). None of the labelled glutaminyl residues
lie within areas predicted to be high Ind-helix or B-sheet potential. Two
lle within reglon predicted to be on.or near B-turns, while the rest lie in
regions of no predicted structure. Since the glycosy! groups of the amine
substrate [(Glc-Glc-glucitol)cadaverine] were rather bulky and the
glutaminy! residues Gln,, and Glng, close to each other, the reduced
labelling of GIn,, was probably due In part to steric blocking by modified
GIn,,. The lack of substrate properties of many of the sites shown may be
due to thelr lack of accessibility to the enzyme.

vYan and Wold, (1984) have noted the high content of proline and
hydroxylated amino acld residues which contribute towards the high g-
turn potential associated with the labelled sites. Space filling models of
Gln-Ser, Ser-Gin, GIn-Tyr, and Tyr-Gin, Indicate that the hydroxy! group
of the serine or tyrosine can be brought close enough to ‘- interact with
the amide group of the glutaminyl side chain so long as the dipeptide Is
not Involved In «-hellx or B-sheet structures. Such interactions could

Increase the reactlvity of glutaminyl residues (see sectlon 10.5.(5)..
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R s NYL SITES IN B-CASEIN

The unreactive glutaminyl sites are aligned In Table 1.4.. The sequences
tend to either be characterized by having a high charge density about the
glutaminyl residue, and/or a high frequency of occurrence of proline
residues and bulky amino acid side chalns in positions neighbouring the
unreactive glutaminyl sites eg. tryptophan, phenylalanine and leucine. It
may be significant that there is no published example of a reactive
glutaminy! site having an adjacent proline residue on the C-terminal side,

or a leucine residue on its N-terminal side.
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JIable 1.4, ALIGNMENT OF THE UNREACTIVE GLUTAMINYL SITES WITHIN

-CASEIN

RESIDUE No AMINO ACID SEQUENCE @ RESIDUE NO

27 Ex@@r@s@@o—o-a 39
32 [F-a-s-®@fafo-a-T-®O® “
33 F-a-s-®Eraia{a-TOOEL 4
3 a-3 ®E-a-21{T-OE-L-Q 48
a“ Q-T@@@-L-Q<@BI—H—P—F 53
1] I-P-N-8-L-P1Q{N-I-P-P-L-T 78
a3 V-v-P-P-F-L10{PE)} V-M-G-V 95
110 p-r-p{kJv-PlaiP-F-T-T @8 122
117 Q-P-£F-TE)81Q48-L-T-L-T{D 129
138 L-P-P-L-L-L{Q{S-W-M-H-Q-P 147
140 L-Q-8-W-M-H{Q{P-H-Q-P-L-P 152
143 W-M-H-Q-P-H1Q{P-L-P-P-T-V ' 155
154 T-V-M-F-P-P{Q{8-V-L-S-L-8 166
182 o{r{D-M-P-11Q{a-F-L-L-¥-Q 194
189 A-F-L-L-Y-Q{Q{P-V-L-G-P-V 201

® Positively charged residues are boxed and negati{ vely charged residues are in circles.

Many of the unreactive glutaminyl residue containing sequences are
predicted to have high secondary structure forming potential (see section
9.2.3.). This may restrict flexibllity at these sites relative to more reactive
sites, and hence reduce access of these unreactive glutaminy! residues at
the active site of transglutaminase.

The lack of reactlvity of glutaminyl residue: Gin,,, is the most difficult

result to explaln since the surrounding sequence is similar In sequence to
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reactive sites In 8-casein (eg GIn,, and GIn,s;) and a number ‘of other
protein substrates eg B-endorphin (see section 1.7.6.2.). However it may
be significant that although a total of seven substrate sites were
determined within B-casein, the maximum observed stoichiometry of
modification of the protein using dansylcadaverine as substrate was 8.0
mol amine/mol protein monomer. Hence It Is possible that Gin,,, does
represent a substrate site, but was not identifled during the

characterization of the many modified products (Yan and wold, 1984 a).

Globular proteins are generally poor substrates for transglutaminase
compared to non-globular or denatured proteins (Toda and Folk, 1969). If
a globular protein does have substrate properties for transglutaminase,
it Is unusual for more than two glutaminyl residues within the structure
to be reactive (Brenner and Wold, 1978). The reduced substrate properties
of globular proteins compared to their more flexible denatured
counterparts suggests that certain types of secondary structure may make
otherwlise reactive glutaminyl residues almost totally unreactive when the
protein Is In its native state.

Globular protelns, which have substrate properties for transglutaminase
afe useful In the construction of theories concerning the specificity of
transglutaminase. This Is particularly so when physicochemical models of
them are avallable eg. based on X-ray crystallographic and n.m.r. studiles.
In these cases it Is possible to assess the local conformation assoclated

with reactive and unreactive glutaminyl residues. In those cases where
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local conformation is not expected to cause reduced substrate properties
within a glutaminyl site, it is assumed that features associated with the

linear amino acid sequence are important in this regard.

1.7.8.2. FEATURES ASSOCIATED WITH PRIMARY_ SEQUENCES

The amino acid sequences surrounding the known substrate sites within

globular substrates are aligned in Table 1.5.

TABLE 1.5. SUBSTRATE SITES FOR TRANSGLUTAMINASE WITHIN GLOBULAR

PROTEINS

PROTEIN RESIDUE NO AMINO ACID SEQUENCE RESIDUE NO
BBpcrystallin 2 La-a A-p-a-p 13
AB3crystallin 3 FH~-8-T-P-Q-Q 9
BA3crystallin 1 te@Lf)s 10
11pocortin I 12 £} v-N-a-T 23
phospholipass A2 1 FAS-N-T 9
actin 33 a-v-M-v-G 45
sv-1v 3 {8 ®E)v-v-3 15
sv-1v 79 D}-v-L{N)- Coon 90
collagen III 8 8-Y=-AKD) 18

positively charged residues are snclosed in triangles and negatively charged residues are

enclosed in circles. N- and C- terminal residues can be in both catagories simultaniously

REFERENCES ; crystallins: Berbers et al., (1984); lipocortin I; Pepinsky et al., (1989);
mellatin Miele gt al., (1990); actin; Takashi, (1988); SV-IV : Porta gt al., (1991);

collagen: Bowness gt gl,, (1987)

The sequences about reactive glutaminyl residues in globular proteins

appear to be as dlverse as those associated with conformationally less
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restricted substrates (see sections 1.7.3. to 1.7.7.). Several of the
substrates are rich in negative charge in the region surrounding the
modification site. In others the surrounding sequences are reminiscent
of those present in other categories of transglutaminase substrate eg.
the cluster of positive charge N-terminal to Glng In rSBP is similar to
that seen in melittin (see section 1.7.6.2.). One difference between native
globular substrates and other more flexible substrates is the presence

of positive charge in the region C-terminal to the labelled glutamine in

certain cases eg. Argy of phospholipase A2.

1,7.8.3, CONFORMATIONAL FEATURES ASSOCIATED WITH SUBSTRATE SITES

The tertiary structure of some of some substrate proteins have been

determined and the secondary structures assoclated with the modification

sites are diverse.

1) GIny of actin is located on the N-terminal side of a fourteen residue
surface loop which is bounded by B-sheet on either side (Kabsch et al.,
1990), [see Fig 1.11).

2) Gin, of porcine phospholipase A2 (see Fig 1.5) Iis located within an
N-terminal X~helix (Dijkstra et al,, 1983), [see Fig 1.12].

3) GIn; of B-Bp-crystallin Is located in an extended reglon lacking
electron density in the model of Bax et al., (1990), [see Fig 1.13].

In other cases the secondary structure has been assigned on the basis
of either: 1) known similarity of folding of a protein to one of known X-
ray structure [eg. the small basic protein of rat testis (rSBP) is known
to resemble the globular protein, uteroglobulin, (Morize et al., 1987) both

In sequence (Menne et al., 1982) [see Appendix IIlI] and immunologically,

(Metafora et al., 1987)], 2) the results of algorithms designed to predict

secondary structures. From this the following structures are inferred:
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MUSCLE.

Regions of B-sheet are arrow-like bars and «<-helix are tubes. The numbering
represents the first and last residues of the amino acid sequence corresponding
to each region. The protein was co-crystallized with DNAase (Kabsch gt al., 1990)
and hence this interaction may affect the folding of the actin monomer. The
position of the surface loop within which GIn,, is located is indicated by an

Arrow, ().



WING T X= Uc (0] N
PHOSPHOLIPASE A2,

Regions ofx -helix are depicted as tubes. The structure shown above is that of
bovine phospholipase, but this is known to have a very similar overall tertiary
structure to the porcine enzyme (Dufton et al., (1983), The helix nomenclature
Is that of Dijkstra et al., (1978). There Is only one glutamine within the primary
sequence, and this reactive glutaminyl (Gln,) Is located in helix A at the amino

terminus and this is indicated with an arrow. gee Fiq 1,15 for a diagram of the
stereochemistry of the amino acld side chains in the region surrounding Gln,.



The monomeric model of the bovine B8-Bp crystallin (Bax et al., 1990) is shown
schematically in extended form In diagram (a). This shows clearly the
“connecting peptide”, which lies between domains and the N- and C- termini.
Dlagram (b) shows the dimeric arrangement of the protein. The tertiary
structure is shown Iin greater atomic detall in diagram (c) where the reactive
Gln, which Is shown projecting upwards in bold type and is marked with an

arrow.



(a)

(b) 8

! ue Gin,,

(b) The reglon surrounding glutaminy| residue Ging,.

In both cases negatively charged residues are predicted to be in close spatial
proximity to the reactive glutaminyl residue. This phenomenon Is also observed
In lipocortin I, B-Bp-crystallin, and ®-A2 crystallin. It may also be significant
that other glutaminyl residues within substrate sequences are often found
clustered about the reactive residue when they are modelled in this way. In
positions where no amino acld residue is Indicated, the polypeptide chaln has

terminated prior to these positions.

[Symbols; N® = C-terminal Asn residue]



1) Glutaminy| residue GIn,, of human placental lipocortin I is predicted to

be located within a N-terminal X-helix [see section 9.2.3.]

2) Glutaminyl residues GiIng, and Glng, of SV-IV protein from rat are
predicted to be located within N-, and C- terminal &-helical regions of the

molecule. These are shown as helical wheel representations in Fig 1.14.

The local secondary structure associated with GIn,, of bovine collagen is
not known, but is conformationally restricted by disulphide bonds, (Brandt
et al,, 1984). The conformational restriction appears to favour reactivity
at this site, since reduction of these disulphide bond has been reported

to reduce the reactlvity of GIn,,. This is discussed further in section

1.7.9.4..

1.7.8.4, FEATURES ASSOCIATED WITH UNREACTIVE GLUTAMINYL RESIDUES

Many globular proteln substrates of transglutaminase appear to contain
exposed glutaminyl residues which are elther unreactive or have poor
substrate properties towards transglutaminase. Some of the sequences

assoclated with these sites are shown in Table 1.6. In all of these cases
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the unreactive glutaminyl residues are located within the same region of

secondary structure as the reactive site(s) shown in Table 1.5.

bl NR

PROTEIN RESIDUE NUMBER AMING ACID SEQUENCE
8-8p crystallin (Q12) T-Q-A-ngsPCamP-L-N-Pigkl-I
8-83 crystallin (Q3) m._ﬁ;-o T-v-2-Q-G-L-®
1ipocortin I (a22) O@-a®v-vialT-vAs-sha
lipocortin I (Q10) V-3-@-F-L A O} A-W-F-1-@-N-O
actin (Q51) V-M-V-G-M-GFQ &@s-v-v-o@
collagen Q1) PCARO] B-a-v-0-a-6-¢

- . = -

Abbrevlation: [PCA=pyrrolidone carboxylic acld]

Positively charged residues are in triangles and negatively charged residues are in circles

It is not clear whether the poor substrate properties of the unreactive

glutaminyl residues shown In Table 1.6. are due to either;

1) a lack of conformational flexibility about these sites

2) steric factors within the primary sequences, or,

3) chemical features such as the Juxtaposition of unfavourable charged

residues about these sites.

A theoretical basls for the observed lack of reactivity of these residues

Is discussed further In section 1.7.9.
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1.7,9, THE SPECIFICITY OF TRANSGLUTAMINASE : A DISSECTION OF

N M S

1.7.9.1, INTRODUCTION

By comparing the amino acid sequences associated with substrate sites in
globular proteins (see section 1.7.8.) with those of non-globular substrates
(see sections 1.7.3. to 1.7.7.) the effect of conformational restriction on the
distribution of amino acid residues within substrate sites may be
qualitatively evaluated. Within a peptide which is highly flexible In
solution, there should be an approximation of free rotation about many of
the constituent peptide bonds relative to each other. Hence residues which
both increase or decrease the reactivity of a glutaminy! residue by their
proximity will have ample opportunity to affect a potential substréte site.

Inhibltory residues should be conspicuous by their absence in

effective substrates for transglutaminase. However In more
conformationally restricted substrates, residues which are inhibitory to
the activity of transglutaminase will not be expected to approach closely
to reactive glutaminyl residues, while residues which improve substrate
properties will be expected to be present in higher proportions than in
the less discriminating flexible substrates. By using this approach the

criteria which appear to determine the specificity of transglutaminase are

grouped Into a hlerarchy of levels In sections 1.7.9.2. to 1.7.9.4..

1.7.9.2, FLEXIBILITY ABOUT GLUTAMINYL SITES

In the absence of unfavourable charge or steric effects, flexibility about

substrate sites appears to be a feature which is usually associated with
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non-physiological substrate sites within proteins. In the globular
substrates tested up to December 19390, the modification sites of
transglutaminase are located on the N-termini or large flexible loops.
There is evidence however that flexibility about substrate sites Is not

an essential requirement for substrate properties. For example :

1) The X-ray structure of phospholipase A2 indicates (in the
crystallized form) that Gln, Is located within an ‘©lhelix which extends
from Ala, to Gluy (de Haas et al., 1987). This region has been predicted
to have strong helix forming potential (Dufton et al., 1983) although in
solution the same region has been observed from n.m.r. studies to be
somewhat less ordered (Dekker et al., 1991). This site is not predicted
to bind at the active site of transglutaminase in an extended form (Fig
1.5), since by analogy with other highly flexible substrates (see sections
1.7.2. to 1.7.7.) the positive charge Imparted by Lys; would be expected
to reduce the substrate properties of GIn, unless In a folded
conformation.

2 ) The substrate site within collagen appears to benefit from some
conformational rigidity assoclated with Its disulphide bonded state. The
cleavage of disulphide bridges in the collagen propeptide by DTT was
observed to abolish the reactivity of Gln,z towards transglutaminase,
(Bowness et al,, (1987). DTT treatment Is likely to increase conformational
flexibility about Giny,. This illustrates the probable Importance of
chemical factors within the linear sequence of protein/peptide
substrates.

3 ) The majority of exposed glutaminyl residues In globular proteins are
unreactive towards transglutaminase. This suggests that the extended
substrate binding site of transgiutaminase (Folk, 1980) requires not just

exposure of the glutaminyl residue but also a sufficlently long region
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PHOSPHOLIPASE A2

The computer drawing Is from De Haas et al., (1987). For the sake of clarity only
the side chains of Ala,, Trp,, Asn,, Lys,, are shown. The side chain of GiIn,
which Is reactive towards transglutaminase will project into the page and should
be close In space to Ala,, and Ser,. The large hydrophobic side chains of Trp,
and Phe, are shown to project away fom the page and hence are not in a
position to sterically block access of transglutaminase to the reactive site.

Note that both of the positively charged residues in the primary sequence
surrounding GIn, ie. Arg, and Lys,, are facing out of the page and are thus

spatially remote from the site of modification



surrounding the glutaminyl residue to allow multiple (possibly cooperative)
Interactions, before reaction can occur. It s possible that
transglutaminase may not have such a requirement for flexibility if a
glutaminyl resldue (and possibly the side-chains of surrounding residues)
within a polypeptide sequence are folded into a conformation which
resembles the transition state of the enzyme-substrate complex. In
conformationally labile substrates, the residues within an extended
substrate site may be rearranged following binding to the active site of
transglutaminase into a favourable conformation for reaction. Such a

favourable conformation may be more difficult to achleve at

conformationally rigid glutaminyl sites.

On the basis of these observations it appears that the secondary
structure assocliated with a glutaminyl residue must be considered to be

a LEVEL 1 determinant of Its substrate properties towards

transglutaminase.

1.7,9.3, SHORT RANGE STERIC FACTORS

Although some regions within globular proteins appear to be both flexible
and lacking in charged residues which might reduce substrate properties
they remain unreactive. The best expianation for this is that the presence
of bulky side-chains may sterically block access of transglutaminase to
these sites. Many of the features associated with linear sequences which
surround these unreactive sites in globular proteins are also common to
the unreactive sites In B-casein [see sectlon 1.7.7.3.(c),]. For example:
bulky side chains such as tryptophan, leucine, methionine and proline

residues neighbour glutaminyl residues. There are many other substrates



which illustrate this point eg, note that Gin,, in B-Bp crystallin has

proline reslidues at positions -1 and +1 (see Table 1.6.).

The ability of neighbouring residues to restrict the local conformation of
a glutaminyl residue may be considered a LEVEL 2 t (see footnote of

sectlon 1.7.9.) determinant of transglutaminase specificity.

1.7.9.4. THE DISTRIBUTION OF CHARGED RESIDUES

Positively charged residues are present in the region C-~terminal to
glutaminyl residues which have been shown to be poorly reactive eg.
human haemoglobin, bovine B-caseln. Charged residues are usually
presented on the surface of proteins and therefore their low frequency
within substrate sites could explain why many globular proteins have poor
substrate properties for the enzyme. Thus although in some cases the
observed lack of reactivity Is probably due to unfavourable local
conformation, a possible explanation of the lack of reactivity other sites
within less conformationally constrained proteins Is because of the
unfavourable distribution of positively charged residues. If such features
do underlle the basls of transglutaminase specificity, then the distribution
of negatively charged residues could also be important Iin the

determination of the substrate propertles of a given glutaminyl residue

(see chapter 10.).

The presence or absence of charged residues at certain unfavourable

positions within the primary sequence of transglutaminase substrates may
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therefore be considered to be a LEVEL 3 t (see footnote of section 1.7.9.)

determinant of transglutaminase specificity.

ROX D AMINO ACIDS

The presence of hydroxylated amino acids in the sequences bordering
substrate sites Is a common motif associated with glutaminyl reactivity.
Since this feature Is not seen In every case, but appears to improve
substrate characteristics this may be considered a LLEVEL 4 determinant

of transglutaminase specificity. Other features could equally be assigned

to this level include:
1) a high frequency of glycine residues within substrates,

2) the presence of a Val-Leu (or related sequence) at positions +3 and +4.

Such motifs may be as effective by increasing conformational flexibility
(see section 1.7.8.2.) as by any other chemical effects. However
hydroxylated amino aclds are strong hydrogen bond formers, and this

could also account for thelr presence within substrate sites.

f : It should be noted that in some cases charged residues (level 3
determinants) may act as level 2 determinants of transglutaminase
specificity through steric blocking of glutaminyl residues, independently

of thelr assoclated charge effects on substrate properties.

42



1.8, THE SPECIFICITY OF FACTOR X]IIa TOWARDS PROTEIN SUBSTRATES

1.8.1, INTRODUCTION

A number of substrate sites of factor XIIla have been determined and are
shown aligned agalnst each other In Table 1.7. (see over page). These sites
are compared and discussed in relation to what is known concerning the

known modification sites of the guinea pig liver enzyme (see section 1.7).

1.8.2, PROTEIN SUBSTRATES OF FACTOR XIIIa

All of the protein substrates ‘of factor XIlla listed in Table 1.7. were

modified In their native forms except bovine rhodopsin which was
succinylated, prior to its modification by transglutaminase.
A -Q-Q- motif Is apparent in a number of the substrate sites within Table
1.7., and Is particularly assoclated with those proteins which are thought
to be substrates for factor XIIla /n vivo. This motif may confer favourable
properties to substrate sites within proteins which are not thought to be
physlologlical substrates of Factor XIlla. It may be significant therefore
that the -Q-Q-Q- motif within bovine rhodopsin has favourable substrate
properties for the enzyme. Apart from this motif there Is (like the liver
enzyme) considerable diversity about modification sites. Thus It Is not
surprising that some of these sites may also be reactive towards the
gulnea plg liver enzyme eg. fibrin and fibronectin (see sectlon 1.8.4. ).

In all cases the substrate sites are expected to be within flexible regions
of polypeptide chain. The secondary structure associated with the

substrate site of factor XIIla within o, -macroglobulin has been
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by n.m.r., (Gettins et al,, 1388) and predicted to be a flexible region of
parallel 3-sheet within the so called "bait" region. The structure of°(2-
macroglobulin has been reviewed by Van Leuven (1982). The membrane
crientation of rhodopsin has been investigated by a number of different
methods [reviewed by Ovchinnikov (1987)] and is shown in Fig 1.16. Little

is known about the folded structure of the other substrates of factor XIIla.
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Table 1,7, THE REACTIVE SITES WITHIN FACTOR XIIJa SUBSTRATES

PROTEIN RESIDUE AMINO ACID SEQUENCE RESIDUE
FISRIN 322 G-r-c-s-r-c-n-E}n-P-c-s-p& 334
FIBRIN 359 $-V-8-G-8-T-GJa}W-H-8 (B} 5- 372
FIBRIN 390 AL-T-1-6E)a{o}a-H-H-L-G-G 403
VITRO 87 -3 G-n-pE)at T-p-L-v AP 99
ol 2P1 1 Lxa{EHafv- 5
FIBRON 1 ALXxafata-1-v-a-p-q 9
oL 2MAC 665 -M-C-P-Q-L-Q{Q}Y{EFM-H-G 676
8CAS 162 -v-L-3-L-8{afs Arv-L-p-v 173
RHODOP 231 AE-a-r-afata-a ) s-a-1 242
RHODOP 232 Lxa-a-a-cjola-e-s-a-t 243
RHODOP 233 AX\A-A-afala-aE)s-a-T 244
RHODOP 338 s & 7©-1-s{afv-A-P{E}CooH 348 -

I R SR et TR L L LR X e e D R e e P L e L )

Positively charged residues are in triangles and negatively charged

residues are in circles. Note that certain residues such as N-terminal amino

acids satisfy both of these charge criteria.

ABBREVIATIONS; FIB=human fibrin; VITRO=human vitronectin; , P.L.= human
ol ,-plasmin inhibitor; FIBRON=human fibronectin; &,~MAC= human & 5"

macroglobulin; B-CAS= bovine B-casein; RHOD= bovine rhodopsin.

REFERENCES FOR Table 1,7,: Doolittle gt al, (1979) Doolittle et al,(1973) Chen

and Doolittle (1971) Skorstengaard et al, (1990) Kimura et al,(1986) McDonagh
et al, (1981) Mortensen et al, (1981) Gorman and Folk (1980) McDowell et al,

(1986)McDowell et al,(1986) McDowell et al, (1986) McDowell gt al, (1986)
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1.8.3. UNREACTIVE SITES IN THE PROTEIN SUBSTRATES OF FACTOR XIIIa

Inspection of the amino acid sequences which surround reactive
glutaminyl residues in protein substrates of factor XIIla shows that
these sequences include a number of less reactive and unreactive
glutaminyl residues. Some of the sequences associated with these less

reactive glutaminyl residues are aligned In Table 1.8..

Yable 1.8. LESS REACTIVE SITES WITHIN PROTEIN SUBSTRATES OF

FACTOR XIIla

PROTEIN UNREACTIVE GLUTAMINE AMINO ACID SEQUENCE

VITRO (13) N-A-T-V-H{E}Q-V-G-G-P-8-L-T-8
VITRO (18) 8-L-T-3{D}L-a-A-a-3/\-G-N-PE)

VITRO (80) 1-3®)L-a-a-a-s A a-N-P B} a-T
* anopo (244) a{fs-A-T-T-a @R OOOV-T/A,
*RHODO (64) T-L-Y-V-T-v-a-H{R} L A T-P-L
*an000 (312) Y-I-M-M-N-RyQ-F ALN-C-M-V-T-T
ol JMAC (870) M-C-P-Q-1-Q-Q-Y{E}M-H-G

CASEIN (178) Ryv--p-v-p-afa-v-p-v-p-afA

ABBREVIATIONS AND REFERENCES Ses legend to Table 1.7. Positively charged residues are

enclosed in triangles and negatively charged residues are enclosed in circles. The lysine
residues within rhodopsin were succinylated prior to modification of the protein by

transglutaminase and therefore these residues carry a negative charge.

The unreactive sites within protein substrates of factor XIIIa resemble
sites which are unreactive towards guinea plg liver transglutaminase

(see section 1.7.8.4.). This is discussed further in section 1.8.4..
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1.8.4, COMPARATIVE STUDIES OF THE SPECIFICITY OF FACTOR XIIIa AND

GUINEA PIG LIVER ENZYME

1.8.4.1. INTRODUCTION

The number of reports In which the actlvity of factor XIIIa and the guinea
pig enzymes were simultaneously compared are relatively few : (Brenner
and Wold, (1978) ; Gorman and Folk, (1980) ; Gorman and Folk, (1981) ;
Chung, (1972). A number of reports are available where separate groups

have conducted labelling experiments on the same protein substrates, but

using different transglutaminases, eg.

q_z;mggr_qg[g_mn : GP-liver TGase- (Iwani], 1977), Factor XIIIa-

(Mosher, 1978).

rhodopsin : GP liver TGase- (Pober et al,, 1978), Factor XIIla~ (McDowell

et al,, 1986),

bovine B-casein: GP liver TGase- (Yan and Wold 1984). Factor XIIIla-

(Gorman and Folk, 1980),

1.8.4.2, CONFORMATIONAL DIFFERENCES IN SUBSTRATE SPECIFICITY

On the basis of the results of the studles listed In section 1.8.4.1. it
appears that the specificity of guinea pig liver transglutaminase and
factor XIIlla Is similar towards many of the globular protein substrates
tested. although factor XIIIa may be more stringent in its requirements

for highly reactive sites. Work with model peptides (Gorman and Folk,
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1981) has suggested that differences In specificity between the two
enzymes probably derive from features of the linear sequence of amino
acids surrounding glutaminyl residues. The short peptides tested for
substrate properties are expected to already be highly flexible in solution,
although the replacement of individual residues with glycine may further
Increase local conformational flexibility. Thus it seems more likely that the
observed differences in specificity between factor XIIIa and guinea pig
liver transglutaminase for short peptides may derive from differences in
binding efficlency or catalytic ability associated with the presence or
absence of certain amino acid side chalns than from conformational factors
assoclated with the formation or loss of gross units of secondary
structure.

The enormous improvement of the substrate properties of Gin,,, for factor
X1Ila within B-casein as opposed to the model peptide based on this
sequence (Gorman and Folk, 1980), suggests that factor XIIIa may have a
requirement for a conformationally stralned conformation about this site.
If the neighbouring lysine residue Lys, contributed to such a favourable
conformation in the synthetic peptide, this would also explain the large
reductlon in substrate properties of the peptide for factor XIIIa following
the substitution of Lys, for glycine, or following succinylation. The
specificity of the liver enzyme for B-casein is much lower than that of
factor XIIla although the specificity for the model peptide based on the

Gln,,, containing sequence was similar to that of factor XIIIa.



1.8.4.3, THE DISTRIBUTION OF CHARGED RESIDUES MAY CONTRIBUTE TO
DIFFERENCES IN SPECIFICITY

It appears that positively charged residues assoclated with the C-terminal
side of glutaminyl residues within the flexible regions of protein
substrates may reduce the substrate properties for both factor XIIla (see
section 1.8.3.) and guinea pig liver transglutaminase (see section 1.7.)
towards flexible non-physiological protein substrates. However both may
tolerate the presence of lysine residues at C- terminal positions In
proteins which are thought to be physiologically important substrates.
Physlologlcal substrates of factor XIIIa which contain positive charge in
the region C-terminal to reactive glutaminyl residues include Ging,, Gin,,
and Gln,, of vitronectin and GIny,, of fibrin (see section 1.8.1.). This may
be due to the evolution of favourable conformations at such sites.
Recent work (Coussons et al., 1991) has provided a means of
understanding the specificity of guinea plg liver transgiutaminases
towards proteln substrates on the basis of 1) secondary structure
assoclated with substrate sites and, 2) the distribution of charged, and
sterically bulky residues surrounding glutaminy! residues (see chapter
10). It may be that factor XIIla specificity is determined by a variation on
this theme, eg. slightly different patterns of charged resldues
surrounding glutaminyl sites could differentially effect the substrate
propertles of a peptide substrate towards the guinea pig liver enzyme and
factor XIIIa. In the absence of an unfavourable distributlon of charged
residues about exposed glutaminyl residues an exposed glutaminyl| residue
would be predicted to have substrate properties for both enzymes, as has
been observed (Gorman and Folk, 1981, 1984).

It may be significant that positively charged residues at positions; -1,

and +4 relatlve to exposed glutaminyl resldues within potential protein
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substrates, appear to be unfavourable to both enzymes. This may reflect

a common structural motif at the active site of both transglutaminases (see

chapter 12).

1.9, LESS WELL CHARACTERISED SUBSTRATES OF TRANSGLUTAMINASE(S)

Several proteins have been shown to have substrate properties for guinea
plg liver transglutaminase, but the modification site(s) have not been
determined. In some cases the tertlary structures of the native proteins
are now known and certain glutaminyl residues are strongly implicated as
substrate sites purely on the basis of their degree of exposure and the
maximum observed stoichiometry of modification eg. rabbit muscle aldolase
(see chapter 4). A number of these protein substrates eg. bovine B-
lactoglobulin (see chapter 5), yeast phosphoglycerate kinase (see chapter
6), porcine pepsin (see chapter 8), bovine liver catalase (see chapter 8)
have been characterised as transglutaminase substrates. These model
substrates have extended the current knowledge of the features which
appear to reduce the substrate properties of glutaminy! residues.

In other cases reactive sites must be predicted not only on the basis of
exposure, but also on the basis of their lack of features normally
assoclated with unreactive sites. This has been done for a number of

proteins Including; catalase, and rhodopsin in appendix I of this thesis.
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1.10.  THE ACTIVITY OF TRANSGLUTAMINASE(S) IN VIVO

1.10.1. INTRODUCTION

Tissues in which transglutaminase activity is constitutively expressed
are generally exposed to pressure, either mechanical or osmotic in
nature. Most have contractile properties and some have bordering
functions eg. vascular endothelial cells of the arterial and venous
systems, smooth muscle, cardiac muscle etc., (Fesus and Thomazy, 1988).
Certain tissues normally have undetectable levels of transglutaminase
protein. Little enzymic activity is detected in such tissues unless the
enzyme Is induced eg. by retinoic acid, (Lichti et al., 1985), transforming
growth factor, (George et al., 1990) or other factors. These tissues act
as model systems In which to study the biochemistry of
transglutaminase, and in some cases in vivo substrates of the enzyme
appear to have been identified. The transglutaminase activity associated

with some of these tissues Is discussed below together with its potential

in vivo roles.

1,10.2. EXPRESSION OF TRANSGLUTAMINASE ACTIVITY IN LIVER

HOMOGENATES

Transglutaminase protein Is normally present at low levels in living
hepatocytes and is thought to be the same protein as is found in eye
lens (see section 1.10.3.). Piacentini and Beninati (1988) have shown that
freshly isolated rat hepatocytes contained three times higher levels of
putrescine than perfused liver. Exhaustive proteolysis followed by ion

exchange and reverse phase HPLC showed that putrescine was the main
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attached polyamine, and that spermidine and spermine modified proteins
were notably absent.

Russell (1981) has shown that polyamine-protein conjugates may be purified
from calf and rat liver several hours after removal of the organ, and that
the bulk of this material was located in the 0.6 M NaCl-extracted and
chromatin-bound protein fractions of the cells, A major product of
transglutaminase modification within liver cells was shown to be ornithine
decarboxylase (ODC). Transglutaminase purified from guinea pig liver was
shown to incorporate up to 4.0 mol putrescine/mol protein of putrescine into
a preparation of ornithine decarboxylase from calf liver /n vitro. This
appeared to cause a loss In activity of ornithine decarboxylase which was
directly related to the stoichiometry of amine incorporation into the protein
by transglutaminase. Evidence was presented that the ornithine
decarboxylase-putrescine conjugate caused a transient Increase in activity
of RNA polymerase I in vitro. Additlon of a second aliquot of modified
ornithine decarboxylase caused a further increase of RNA polymerase
activity, suggesting that the ornithine decarboxylase-conjugate may act as
a labile subunit of RNA polymerase I. A model of the regulation of polyamine
and RNA synthesis by ornithine decarboxylase and transglutaminase has
been presented (Russell 1981). It may be significant that GTP (a precursor
of RNA) appears to reduce transglutaminase activity in vitro (see section
1.6.7.).

A significant omission in the work presented by Russell (1981) is that the
covalent binding of putrescine into ornithine decarboxylase was not directly
proven. Unfortunately there Is currently not enough structural information
concerning ornithine decarboxylase from calf liver to predict which

glutaminyl residues within ODC are reactive towards transglutaminase.
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However if this protein does prove to be a physiologically important
substrate for transglutaminase in vivo, then this would suggest a key role
for transglutaminase in the control of growth (see section 1.11.4.1.) and
differentlation (see section 1.11.4.2.).

Transglutaminase may have a number of physiological roles in liver tissue
these include: 1) control of the cell cycle (see section 1.11.4.2.), 2)
receptor mediated endocytosis of & ,-macroglobulin (and possibly other

protein specles) at clathrin coated pits, (see section 1.11.1.), and, 3) a

role In apoptosis (see section 1.11.4.3.).

1.10.3. EYE LENS TISCUE

The predominant form of transglutaminase expressed In mammalian eye
lens tissue Is thought to be identical to that of the liver enzyme. The most
effective protein substrates for transglutaminase in bovine eye lens were
found to be B-crystallins. The substrate sites, (Berbers et al., 1984) are
discussed In section 1.7.8.3.. A gradual accumulation of a dimeric B3-Bp-
crystallin dimer has been noted in ageing tissue (Lorand et al,, 1981). The
same product was also formed when guinea pig liver transglutaminase was
used to cross-link calf lens homogenates /in vitro(Lorand et al,. 1981). The
conservation of substrate sites between specles, supports the proposal
that the presence of these substrate sites serves some useful role
(Berbers et al.,1983).

Lipocortin I is recognised to be the major protein of the EDTA extractable
protein of eye lens, Russell et al,, (1987). This has been shown to be a
substrate In human epldermal carcinoma A 431 cells In the presence of
calcium lonophore A231187, (Ando gt al,, a 1987, b 1991) and from human
placenta, from which the reactive glutaminy| site has been determined,

(Pepinsky et al,, 1989), (see section 1.7.8.3.). Other reported substrates
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within this tissue include the cytoskeletal proteins: vimentin, actin (see
section 1.7.8.3. for modification site) and both the ®- and 8- forms of

tubulin from both pig brain, and the flagella of Chlamydomonas reinhardtii

(Iwanif, 1977).

1.10.4, RED BLOOD CELLS

Two types of polymer have been Identifled In Ca?* activated red blood
cells, Lorand (1988): type I, which are membrane associated but extractable
with detergents and, type II which remain with the alkali stripped matrix
of the ghost.

The determination of the components of each type of complex has so far
identified ankyrin (band 2.1), both &-, and B-spectrins, band 4.1 (see
section 1.4), catalase (see sectlon 7.2) and haemoglobin (see section
1.7.7.1.) In both types of complex. They appeared to be attached to band
3 (anion transporter protein) in type II complexes. The stoichiometry of

modification of some of these proteins have been estimated, (Dutton and

Singer, 1975).

1,10.5. EPIDERMAL TISSUE

During the late stages of terminal differentiation of epldermal
keratinocytes a highly insoluble matrix of cross-linked protein becomes
deposited beneath the plasma membrane to form a cornified envelope,
(Green, 1979). Transglutaminase(s) are thought to stabilize this structure
through the formation of Gin-Lys cross-links, (Rlce and Green, 1977). In

eplthelial cells the cytokeratins are the Intermediate fllaments that form
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the cytoskeleton. This creates an appealing link between the physiologlcal
roles of sequence-related transglutaminases In keratinocytes and In
cirrhotic hepatocytes [(see section 1.11.4.4. (c)]. In both tissues
transglutaminases cross-link components of the cytoskeleton during the
process of apoptosis (or programmed cell death), (see sectlon 1.11.4.3).

The best characterized substrate proteins within the eplidermal cell
envelope include Involucrin, (Simon and Green, 1988), and loricrin, (Mehrel

et al,, 1990). The known modification sites within Involucrin are aligned

In Fig. 1.17.1’.

*
491  Q-L-E-L-P-E-Q-Q-V-G-Q-P-K- 504

[ )
566  L-L-P-V-E-H-Q-Q-Q-K-Q-K-V- 579

from guinea pig llver. The reactive glutaminyl residue is Indicated with

*
an asterix

The most reactive glutaminyl sites for the keratinocyte transglutaminase

are characterized by the presence of glutamic acld residues In the reglon

N-terminal to reactive glutaminyl residues.
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The primary structure of a second cell envelope protein has recently been
determined from human keratinocytes (Mehrel et al., 1990). This protein
also appears to be a substrate for an intracellular transglutaminase and

the position of Lys-Gln cross-links has been determined (Hohl et al., 1991).

The substrate sites within loricrin are shown in Fig 1.18..

31t P-T-W-P-8-{K}|315

151 $-Q-Q-V-T{Q}yT-8-C-A-F 162

85 G-8-v{}Y-3-[G], 82

8-@-Q-V-T{Q} T-8-C-A-P 224

W-P-8

83 8-G-G-8-V{K)[Y-8] 90

148 G-G-F-3-G{Q}A-V-Q-C-Q 158

Fla_1.18, SUBSTRATE SITES FOR TRANSGLUTAMINASE WITHIN HUMAN

LORICRIN © —O32ISOPEPTIDE BOND
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The substrate sites In loricrin for the keratinocyte transglutaminase
resemble those within the substrates of the guinea pig liver enzyme (see
section 1.7.) In: 1) their content of hydroxylated and small hydrophobic
amino aclds, 2) the absence of positively charged residues in the C-
terminal regions, and 3) low proportion of large sterically obstructive

side chains eg. Tryptophan, phenylalanine, isoleucine, leucine etc.

1.11, METABOLIC ROLES FOR TISSUE_TRANSGLUTAMINASES

1,11,1, RECEPTOR MEDIATED ENDOCYTOSIS

Primary amines and glutaminy! peptides which have the common property
of being competitive inhibitors of transglutaminases, can inhibit the
internallzation of ligands through coated pits and vesicles (Davies et al.,
1980). Some of the proteins which appear to be internalized into cells by
this route have been identified as substrates of transglutaminase in
vitra. These include X,-macroglobulin, [for which a substrate site for

factor XIlla has been determined /n vitro, (see section 1.8.)]. This

phenomenon has been reviewed by Fesus et al., (1984).

-SEC ON _COUPLIN

Transglutaminase activity has been observed In the pancreatic islets of
Langerhans (Bungay et al,, 1988). The secretion of insulin from these
cells may be Inhibited using competitive inhibitors of transglutaminase.
It has also been shown that In parallel with insulin secretion, high Mr

protein polymers which are insoluble In SDS are formed (see section
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1.11.3.). The transglutaminase catalysed incorporation of [3H] histamine
into a Mr 84000 particulate protein has been noted (Gomis et al., 1989),

although the presence of Glu-Lys cross-links has not been determined in

this materlal.

1,11.3, FORMATION OF INTRACELLULAR MATRIX

The existence of a urea-, guanidine HCl-, detergent-, and
mercaptoethanol- insoluble intracellular matrix which is cross-linked may
form the basis of a very fine filament structure in cells (Loewy et al,,
1983). Similar material has been obtained from a variety of cells and
tissues even in the absence of previous stimulation or manipulation. In no
case have Glu-Lys bonds been located in such materials and hence the
Involvement of transglutaminases In the production of these materials
remalns speculative, The protein composition of this material has not yet

been determined. though preliminary data suggests that it may contain

titin (Fesus and Thomazy 1988).

1.11.4, CELL-CYCLE REGULATION
1,11.4.1, CELL GROWTH

The activity of Intracellular transglutaminases during cell growth is
difficult to measure since most systems consist of mixtures of cells at
different stages of development. However polyamine blosynthesis is known
to be related to cell growth (Tabor and Tabor, 1984) and since these

compounds may act as substrates for transglutaminases, some workers
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have investigated the changes in transglutaminase activity which are
known to accompany perturbation of the levels of primary amines in
cells.

Following the addition of [3H] putrescine to growing liver cells it has
been shown that putrescine may become covalently incorporated into
cellular proteins (Russell, 1981) [see section 1,10.2.]. A similar result was
obtained when transglutaminase activity was measured during the early
development of sea urchin cells (Cariello et al., 1984). A 30 kDa protein
was observed to be particularly susceptible to modification in vivo by
spermidine (Canellakls et al., 1985). Six hours after fertilization of sea
urchin eggs, approximately 7 ¥ of the total cell associated spermidine
appeared to be detected bound in a macromolecular form. In this (as in
other cases) it Is difficult to dissect out the effects which are due to
differentiation and those due to growth since these processes are both

required during development.

1.11.4.2. CELL DIFFERENTIATION (CONTROL OF CELL CYCLE

Marked variation in the levels of cellular polyamine content has been
observed In assocliation with cell differentiation (Tabor and Tabor, 1984),
though the role exerted by these compounds during the expression of
the differentiated phenotype is still poorly understood. An increase in

levels of these compounds might be expected to:

1) reduce the ability of transglutaminase to cross-link proteins by Glu-

Lys bonds, hence destabilizing structures within the cell.
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2) increase the levels of polyamine derivatives of physiologically important .

proteln substrates, thus faclilitating membrane attachment and/or

controlling turnover rates.

The modification of cytoskeletal proteins by transglutaminase appears to
Increase the rate and extent of microtubule assembly in vitroIn the case
of both, tubulin (Maccioni and Seeds, 1986) and actin (Takashi, 1988).
These findings support the notion of a role for transglutaminase in the
differentiation of cells /in viva. In order to Investigate the role(s) of
transgiutaminase In the control of the cell-cycle some workers have
considered the effects on transglutaminase activity and expression
following the breakdown of the cell cycle In tumorigenic tissues [see
section 1.11.4.4. (a)]. Evidence for a controlling role for transglutaminase
In normal liver cells Is discussed In section 1.10.2..

Investigation into the incorporation of polyamines into the cell body
proteins of the glant axon of Apl/ysia showed that tubulin was labelled
(Ambron et al., 1982). Within mouse neuroblastoma cells both actin and
tubulin were found to be labelled (Maccioni and Seeds, 1986). Label was
also Incorporated into; 92 kDa, 76 kDa, and 72 kDa proteins on the surface

of differentiated neuroblastoma cells though not in undifferentiated

counterparts (Chen, 1984).

111,43, CELL DEATH (APOPTOSIS)

In many tissues, transglutaminase activity is characterized by the
formation of high Mr proteinaceous complexes which cannot be dissociated
by treatment with SDS and DTT (see section 1.11.3.). This phenomenon may

be inhibited by the feeding of primary amines to such cells, and has been
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termed apoptosis or " programmed cell death”. The red blood cell-has been
considered an /n vitro model system in which to study this phenomenon
and has been reviewed by Lorand (1988), (see section 1.10.4.).
Keratinocytes are epithelial cells which appear to have evolved specifically
to undergo apoptosis in order to produce the protective stratus corneum
of skin. It is possible that the induction of transglutaminase activity
assoclated with the terminal differentiation of keratinocytes may also occur
in a variety of other cell types (possibly under different control
mechanisms), and that in each case the effect is destruction of the cell.
Apoptosis may be thought of as a means of regulating cell proliferation.
Transglutaminase-catalysed cross-links appear to be maintained at a
minimal level under proliferating conditlons. However when cells cease
proliferating, transglutaminase activity Increases and cells may be
stabilized by the increased levels of cross-linked proteins. Section
1.11.4.2. considers the opposite series of events associated with
differentiation.

The levels of free calcium ions normally assoclated with the cytoplasm of
liver cells is estimated to be in the 1077 to 10°3 M range (Klee et al., 1980).
This Is not likely to be sufficlent to activate transglutaminase (see section
1.6.2.). Hence if apoptosis is regulated by transglutaminase the levels of
calclum would probably have to be substantially Increased. The
disintegration of mitochondrla (which act as intraceliular Ca?* stores) has
been suggested as the cause of activation of the intracellular epidermal

transglutaminase /n vivo (Rice and Green, 1979). Apoptosis may be under

much finer control than suggested by this simple model.
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1.11.4.4. CELL-CYCLE BREAKDOWN

a) TUMORIGENESIS

A reduction in transglutaminase activity has been noted in viral and
chemically transformed cells (Birckbichler et al., 1976, 1977).
Investigation of transglutaminase activity In hepatocellular carcinoma

indicated;

1 ) increased levels of incorporation of radioactive amines into the

soluble fraction of cell proteins.

2 ) decreased levels of GIn - Lys cross links compared to normal liver,

(Knight et al,, 1990).

The presence of high levels of isopeptide bonds has previously been
associated with the non-proliferating state, (Birkbltcher et al,, 1978).
Labelling of tissue slices indicates that the majority of "c1-putrescine
Is Incorporated into the high Mr fraction associated with the plasma
membrane (85%) and that the level of Incorporation Iinto this region is
comparable in both tumorigenic and in normal liver cells. It appears that
the particulate transglutaminase is more active In terms of incorporation
of amines Into proteins, while the cytosolic enzyme Is more active in
cross-linking proteins by Glu-Lys bonds.

A comparison of the distribution of labelled proteins between normal and
transformed tissues revealed some differences, (Hand et al.,, 1990).
Proteins of Mr 39,000 and 44,000 were labelled In both cancerous and
normal tissue, although the levels were reduced in the tumorigenic

tissue. In addition the tumour tissue exhibited additional radiolabelling

Iin a protein of Mr 36,000.
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An inactive 120 kDa transglutaminase variant has been located In rat
fibrosarcomas and this correlated with the reduction in the levels of the
cytosollc form, Restoration of activity to the 120 kDa form was achieved by
partial proteolysis by trypsin and chymotrypsin, (Knight et al.,, 1990).
Hence It appears that In metastatic tumour cells, the reduction in the
levels of cytosolic transglutaminase activity is a consequence of its
perturbed expression possibly as a result of inappropriate post-
trénslatlc'nal processing or inappropriate gene expression.

The activity of cytosolic keratinocyte transglutaminase was Increased by
a factor of ten times in normal cell cultures relative to transformed
keratinocytes by exposure to low doses of transforming growth factor 8-
1, (George et al,, 1990). This appeared to be due to both increased
transcription and translation. The lack of responsiveness of the
transformed cells was found to not be due to Iaék of receptors but to some
difference In signal transmission. It should be noted that
transglutaminases are capable of GTP hydrolysis and hence may have some

ability to act as a G-proteins (see sectlon 1.6.7.) /n viva,

b) IN ALZHEIMERS DISEASE

A transglutaminase activity has been detected In human brain tissue,
(Selkoe et al.. 1982). Simlilarities have been observed between the
neurofibrillary tangles associated with sufferers of Alzheimers disease and
the cross-linked products of the action of transglutaminase on
neurofilament enriched preparations purified from white matter. Protein
substrates Included : myelin basic protein (20 kDa), together with a 200
kDa, 160 kDa (and less clearly) a 68 kDa protein as assessed by SDS-PAGE.

Selkoe et al,, (1982) have postulated a role for transglutaminase in the
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aetiology of the disease. It may be more than coincidence that antibodies
to the B-amyloid peptide cross-react with conformational epitopes within
fibrinogen (Stern et al., 1990) which Is an efficlent substrate for guinea

pig llver transglutaminase (Chung, 1972).

¢) CIRRHOSIS OF THE LIVER

It has been shown that griseofulvin treatment (which disrupts
cytoskeletal structure) considerably increases transglutaminase activity.
Zatloukal et al., (1989) have shown that hepatocellular cytokeratins may act
as substrates for transglutaminases /n vitro to form highly insoluble
lattices which may be the components of Mallory bodles in the livers of
patients with acute alcoholic hepatitis. This may be analogous to
cytokeratin cross-linking during the terminal differentiation (apoptosis)

of keratinocytes, see section 1.11.4.3..

1.12, THE AIMS OF THIS PROJECT

1,121, DETERMINATION OF SPECIFICITY OF GUINEA PIG LIVER
TRANSGLUTAMINASE

The primary aim of this project was to investigate the features within
pélypeptlde and proteln substrates which determine the specificity of the
cytosolic transglutaminase from gulnea pig liver towards Its substrates /n

vitro. This information could then be used to determine the feasibility of

englineering reactive glutaminyl residues into protein substrates.
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MINE NOV S A AMINA

From the information presented in this introduction it is clear that
transglutaminases are useful to the protein chemist as a means of cross-
linking a wide variety of biological and non-biological materials under the
mild reaction conditions of an enzyme catalysed reaction. Since many of
the known labelling sites within proteins are in surface exposed, flexible

regions, transgiutaminases may be used to;

1) Identify regions of secondary structure in proteins. The attachment of
reporter molecules to the surface of proteins may also assist in the
determination of the proximity of other groups within the structure. This
approach has been used to probe the structure of bovine rhodopsin
(Pober et al,, 1978). A similar approach could be used to investigate the
structural basis of conformational change in proteins associated with
partlal denaturation eg. that seen In bovine B-casein (see chapter 7) at 20

mM Ca?*, (Cooke et al,, 1974).

2) Transglutaminases could be used to confirm the identity of glutaminyl

residues within peptides of uncertain sequence.

3) Reactive glutaminyl sites could be useful for the attachment of
pharmacologically useful amines on to antibody molecules for use In clinical

chemotherapy. The feasibility of constructing such conjugated products

Is discussed In chapter 13.
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RMIN E R S) OF LIVER TRANSGLUTAMINAS

Although this introduction contains considerable speculation concerning
the physiological role(s) of the liver transglutaminase, none of these roles
are yet firmly established. While it was not a direct aim of this project to
determine the biological role(s) of the enzyme it is clear that the study of
the basls of the specificity of transglutaminase /n vitro may glve clues
concerning the nature of protein substrates in viva An attempt has been

made to address this problem by the use of computer based techniques

sea section 9.3.2..
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HA WO: RIALS AND METHODS

2.1.1, PROTEINS AND PEPTIDES

Proteins and peptides were obtained from the following sources;

Transglutaminase (guinea-pig liver), tosylphenylchloromethane (TPCK)
treated trypsin and tosyllysylchloromethane (TLCK) treated chymotrypsin
from bovine pancreas, V8 proteinase from Staphylococcus aureus, catalase
from bovine liver, pepsin from porcine stomach, @-casein and n3-
lactoglobulin from bovine milk, cytochrome C from horse heart, ribonuclease
A from bovine pancreas, concanavalin A from jack bean, bovine insulin A
chaln, ovalbumin and lysozyme from chicken egg white, and Dalton mark VII
SDS-PAGE Mr marker set, were supplied as lyophilized powders from Sigma
Chemical Co, Poole Dorset U.K.. Alcohol dehydrogenase from yeast, aldolase
from rabbit muscle, malate dehydrogenase from porcine heart, 3-
phosphoglycerate kinase from yeast, glyceraldehyde-3-phosphate
dehydrogenase from yeast were supplied as ammonium sulphate suspensions
by Boehringer BCL Ltd, Lewes, East sussex. Wild type PGK (yeast) and a
number of mutant forms including: HIS;as  Glngg,, Arg,,e Met,, and
Arg,es Lys,ss forms, were prepared as described by Perkins et al, (1983)
and Wilson et al,, (1387). Plasmids pMA27 and pMA40b were kindly given by
Or. L. Gilmore, Department of Biochemistry, University of Edinburgh,
Edinburgh EH8 9XD, Scotland, U.K. The proteins were purified by Dr C.
Johnston, Department of Chemistry, University of Glasgow, G12 8QQ,
Scotland. Dehydroquinase from E. coli was a gift of Dr. C. Kleanthous,

Cepartment of Biochemistry, Glasgow University, Glasgow. G128QQ.
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A synthetic peptide, shown in Fig 2.1., Is based on the known (factor

XIIla catalysed cross-linking site of human fibrin (Chen and Doolittle, 1971);

NHZ -L-T-1-G-E-G~Q-Q-H-H~L-G-G-A-K-Q-A-G-D-V~-COOH

This peptide was synthesized by Dr Chris Bose of Celltech Ltd., Slough,
Berkshire. SL14DY. Celltech Ltd. also provided samples of IgG. B72.3 (an
antibody ralsed against mucein), a metalloproteinase Inhibitor (TIMP). The
synthetic peptide CBZ-GIn-Gly, was from Cambridge research biochemicals

Ltd., Cambridge, England, CB25nX.

2.1.2, CHEMICALS

2.1.2,1, GENERAL LAB CHEMICALS

Guanidine hydrochloride (Ultrapure grade) was from BRL Betheseda
Research laboratorles, Life technologies Ltd., Galthersburg, MD 20877 U.S.A.
Acrylamide, and N,N'-methylene bis-acrylamide (electran grade), EDTA
[ethylenedlaminetetraacetic acid (dinatrium salt)] were from BDH Ltd.
Ammonlum sulphate (especially low In heavy metals), and Calcium Chloride
(6.0 H,0) were from Fisons Ltd. DTT was from Sigma. Optiphase “M.P."

scintillation fluld was from FSA Lab supplies, Loughborough. SDS, Trizma
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base (Tris[hydroxymethyllamino-methane), trichloroacetic acid,
triethanolamine, MOPS (3-[N-morpholino]lpropane sulphonic acid), TEMED,
(N,N,N',N'tetramethylethylenediamine), 2~-Mercaptoethanol, ammonlum
bicarbonate, monodansylcadaverine hydrochloride, putrescine
dihydrochloride, were from Sigma Chemical Co. Substrates: ADP, ATP, NAD+,

NADP+, NADH, NADPH were supplied as lyophilized powders from Boehringer

BCL Ltd.

2.1.2.2, RADIOCHEMICALS

1,4-['4C-1Putrescine dihydrochloride (4.07GBq/mmol) was from

Amersham International plc. Amersham, Bucks, U.K.

2.1,2,3, ORGANIC SOLVENTS

Propan-2-ol and acetonitrile (Far u.v. HPLC grade) were from Labscan
Ltd., Dublin, Eire. Trifluoroacetic acid was from Rathburn Chemical Co.,

walkerburn, Peebles, Scotland, U.K. Triethylamine (Hipersolv) was from BDH

Ltd.

2.1.2.4, STORAGE OF CHEMICALS

Ammonium sulphate suspensions were stored In sealed glass containers

at 4°C. Lyophllized powders were stored at -20°C. Solvents were stored in

the dark at room temperature.
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2.1.3. CHROMATOGRAPHY MATERIALS

2.1.3.1. HPLC COLUMNS

Vydac C-18 reverse phase end capped reverse phase h.p.l.c. column,
(dimensions: 25 cm x 4.6 mm) particle size 5§ um; pore diameter 300 Z,
was from Technicol, Ltd., Stockport, Cheshire, U.K.. Zorbax Bio series C-8
PEP RP.1 reverse phase h.p.l.c. column (dimensions: 8 cm x 6.2 mm) pore
size 5 um was from Dupont (U.K.) Ltd, Wedgewood Way, Stevenage, Herts

SG1 4QN.
ATION/ION EXCHANG EDIA AND COLUMNS
Sephacryl S-300 and disposable P.D.10 (Sephadex G25M) columns were

purchased from Pharmacia Ltd., Milton Keynes, Bucks., U.K.. DEAE

sephadex was purchased from Sigma Chemical Co.

21,4, MISCELLANEOUS ITEMS

Cellulose fliter discs (3 MM : 21 cm diameter) were from Whatman

International Ltd., Maldstone, Kent., U.K.
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2.2.1, INTRODUCTION

A variety of different approaches have been used in order to investigate
the specificity of transglutaminase (see chapter 1). An ideal approach
would be capable of determining the effects of small single changes in
conformational or chemical features surrounding a single reactive
glutaminy! residue on the substrate properties of a protein of known 3-
D structure. Unfortunately such a precise approach requires equipment
and materials which were not available for the purposes of this project.
In lleu of this, the approach calculated to provide the most information
concerning the specificity of transglutaminase was considered to be one

which would;

1) Increase knowledge concerning the reactivity of transglutaminase
towards conformationally constralned model substrates (le. proteins of

known sequence and 3-D structure).

2) facllitate pattern searching within the known and novel substrate sites.

The substrate properties of a number of structurally diverse proteins
were Investigated and then compared and contrasted with the substrate
sites published prior to the project (see chapter 1), Sections 2.2.2. to
2.2.8.4, give details of the general procedures used for this Investligation.

Any differences In these procedures are detailed separately in the text

describing the results of this work.
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ABOR D

22,21, PREPARATION OF PROTEIN AND PEPTIDE SUBSTRATES OF
TRANSGLUTAMINASE

Transglutaminase Is rapidly inactivated by low (<10 mM) concentrations of
ammonium sulphate and thus this was removed from protelns prior to
testing their substrate properties. Proteins were routinely desalted by
dialysis [see section 2.2.2.3. (a)l.

Proteins and peptides which were supplied as lyophilized powders were
allowed to slowly warm up to room temperature before opening. Buffer
(also 15 °C) was added and the protein was assisted to dissolve when
necessary by gentle swirling (foaming was carefully avolded). Proteins
solutions prepared in this way were incubated for a minimum of an hour
at 15°C prior to Inclusion Into reaction mixtures. Any Insoluble aggregates

were removed by centrifugation at 1500 rpm for 2 minutes using a

Mlcrocentaur bench centrifuge.

2.2.2,2. THE DETERMINATION OF PROTEIN CONCENTRATIONS

Proteln concentration was routinely determined during transglutaminase
purification using the method of Sedmak and Grossberg, (1977). Protein
samples were made up to 1.0 ml with distilled water. To this was added 1.0
ml of Coomassie reagent which consisted of 0.06 ¥ wt/vol Coomassie
Brilllant Blue G-250 In 3 X vol/vol perchloric acid. The absorbance of the
resulting solution was measured against an absorbance blank which had
water substituted for proteln solution. The ratios of the absorbance of the
solutions at 620 nm/465 nm (corrected for the blank), were calculated and

the protein concentrations calculated relative to a standard curve
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prepared using known concentrations of bovine serum albumin (BSA) in

the 0-50 pg/ml range. A hew standard curve was constructed for each new

batch of Coomassie reagent.

For purified proteins the concentrations were calculated on the basis of

published absorption coefficlents these are given when required in the text.

2:2,2.3, DESALTING OF PROTEINS

a) DIALYSIS

Protein samples were pipetted into pre-boiled dialysis sacks (exclusion
lImit ~ 8 kDa) and were dialysed with stirring at 4°C (in the dark in the
case of dansylated protein) against repeated changes of buffer. A typical
buffer used was triethanolamine hydrochlorlde (50 mM) adjusted to pH 7.6
with 1 M NaOH. Typically, between 1.0 and 3.0 ml of protein or peptide
suspension was first dialysed against five litres of buffer at 4°C for four

hours, With stirring. The buffer was then changed and a second dialysis

continued overnight.

b) SIZE EXCLUSION CHROMATOGRAPHY

Dansylcadaverine and putrescine were routinely removed from proteins
using commercially available G-25 Sephadex columns (dimensions 6 cm x 1.5

cm). Typlcally between 0.5 and 1.5 ml of protein solutions were loaded at
co'ncentratlons of between 1-5 mg/ml. They were then eluted with a 1% w/v

solution of ammonlum blicarbonate pH 8.0.
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Dansylcadaverine hydrochloride is only sparingly soluble in aqueous
solution at neutral pH, and was prepared as a stock solution using the

method of Lorand and Campbell, (1971), which Is as follows:

1) Dansylcadaverine dihydrochloride (20 mg) was weighed Into a glass
bottle (20 ml capacity) and 10 ml of an appropriate buffered solution was
added e.g. Tris-HCI| pH 7.6 (100 mM).

2) Dllute hydrochloric acld was added drop-wise to reduce the pH of

solution to 2.0, whereupon the crystals dissolve and the solution
decolorises. The pH of solution was then raised to pH 7.6 by the drop-wise
addition of NaOH (1.0 M) (aq) with continuous stirring.

3) The solution was then left to settle at 4°C for 1 hr, before it was filtered
through a Millepore filtration cassette (pore size 0.22 um) under pressure
exerted by use of a syringe. The filtrate clarifies to a pale yellow/green
solution. The concentration of the stock solution may then be adjusted by
dilution with Tris buffer (100 mM) pH 7.6.

In order to quantify dansylcadaverine, fluorescence measurements
were made at 20°C In a Perkin - Elmer MPF-3L fluorometer, using semi-
micro quartz cuvettes of 1.0 ml capacity., A callbration curve was
constructed using an excitation wavelength of 320 nm (slit width 4.0 nm).
The emission wavelength was measured at 520 nm (slit width 8.0 nm). The
concentration of dansylcadaverine was calculated from the absorbance of

approprlately diluted 1 ml samples at 330 nm using an LKBgrocyenw 4050

Ultraspec II uv/vis spectrophotometer.
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The fluorescence of samples was calculated in fluorescence units/mmol
and were checked regularly as the fluorescence of dansylcadaverine was
found to reduce with time in solution (possibly due to photochemical
damage). The absorbance of stock solutions at 330 nm remained constant
[A 1.0 mM solution of dansylcadaverine has an Ay of 4.65]. The
absorption spectrum is shown in Fig 2.2. A 10 mM stock solution of

dansylcadaverine is stable In solution at 4°C for several months if kept

in the dark.

b) PREPARATION OF ["C]-PUTRESCINE STOCK SOLUTIONS

Putrescine dihydrochloride is highly soluble in all the buffered solutions
described in this thesis and was dissolved prior to use to give a clear
colourless solution. Typically a 10mM [1.61 mg/ml] stock solutlon was

prepared.

Radioactive stock solutions were prepared by dilution of a 0.4 mM stock
solution of [''Cl-putrescine (50 uCi/ml) with the stock (10 mM) solution
of non-radloactive putrescine to give a radioactive stock solution of 9
mM (4.097 GBg.mmol). This was subsequently diluted into Incubation
mixtures as described in sectlon 2.2.3.2.. Stock solutions of putrescine

were stored at -20°C when not in use.
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Eld 2.1, THE ABSORBTION SPECTRA OF DANSYLCADAVERINE

A stock solution of 13.0 mM of DNSC was diluted 100 fold with tris-HCI (50 mM)
pH 7.6 and 1 cm® of this was analysed over a wavelength range from 270 to 400
nm. The Ay, of a 1 mM solution of DNSC Is therefore- 4.65.



CH20C0NH(|2H (CH2),CONH,
CONHCH.COOH

+

H2N(CH2)sNH—dansy!l

1

CH:OCONHcltH(CHz)zCONH (CH2)sNH—dansy!

CONHCH,COOH
+ NH3

CBZ-GIn-Gly Is shown prior to reaction in (a) and following transamination with
the amine group of dansylcadaverine in (b). The covalent structure of dansyl
cadaverine is shown In greater detail in filg 2.3. In the colorimetric reaction
hydroxylamine replaces dansylcadavering as the amine substrate aad Hhe product
quantitatively forms a red solution with acidified iron salts.

SO2NH(CH2)sNH,

N(CH3)2

Systematic name Is N-(5-Aminopentyl)-5-dimethyl-amino-1-
hapthalenesulphonamide.



2.2.3. THE ASSAY OF TRANSGLUTAMINASE ACTIVITY

2.2,3.1, A COLORIMETRIC ASSAY FOR TRANSGLUTAMINASE ACTIVITY

The synthetic peptide CBZ-GIn-Gly (Fig 2.3) was used as a substrate for
the routine assay of transglutaminase using the method of (Folk and
Cole, 1966). The incorporation of hydroxylamine results in the formation
of a hydroxamate derivative. This Is stable at acidic pH and will
quantitatively form a purplish-brown ferric hydroxamate chelate with an
iron 11l chloride/TCA mixture, (Lipmann and Tuttle, 1945). The formation
of this complex may be monitored from the increase in absorbance at 520
nm. A standard curve was constructed using known amounts of
hydroxamic acld which has an identical molar extinction coefficient to the
hydroxamic acld derivative of CBZ-GIn-Gly after complex formation with
acidified iron IIl chloride (Lippman and Tuttle, 1945). This assay

procedure was used to follow the purification of transglutaminase (see

chapter 3).

Jab h dlents for the colorimetric assay of transglutaminase

compound stock concentration (wM)*  volume added (ul)  final concentration (mM)
C82-G1n-Gly (aq) 30.0 113 10.0

NH20M (aq) 200.0 173 100.0

Ca2¢ (ag) 100.0 20 6.0

oTTY (aq) 80.0 10 1.5

Tgase (aq) 1 mg/m1 23 (0.07mg/m1)

! except transglutaminase (Tgase)
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PROCEDURE

1) Add ingredients to assay mixture as shown in Table 2.1. [all dissolved
in Tris-HCI pH 7.0 (200 mM)], in the order: CBZ-GIn-Gly, NH,OH, DTT, Ca?*,
then transglutaminase.

2) Incubate at 37°C for thr.

3) Stop reaction by addition of 20 ul of EDTA (37 mM) to a final

concentration of 5mM.

4) Add 0.5 mi of freshly prepared acidified iron II1 chloride (Soln X)*.

5) Spin at 2,000 rpm (to remove denatured protein) for three minutes

until clear,

6) Measure absorbance of solution in a 1 cm plastic cuvette at 520 nm and
subtract blank (reaction mixture minus enzyme subjected to the same
procedure). The rate of CBZ-GIn-Gly-hydroxamate derivative formation may

then be calculated relative to a standard curve (Fig 2.4).
* PREPARATION OF SOLUTION X

I) The following stock solutions were prepared;

a) FeCl, (5 % w/v) In 0.1 M HCI,1 vol.

b) 3M HCI 1 _yol

c) TCA (12 X w/v) In H,O.

I1) The components were mixed in a 1vol/1vol/1vol ratio.
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FIg 2, A STANDARD CURVE FOR THE ESTIMATION OF THE PRODUCTS OF THE
F_TRANSGLUTAMINASE,

Since gulnea plg liver transglutaminase has been shown to form Y -
glutamohydroxamic acld derivatives from peptide substrates using
hydroxylamine as the acyl acceptor this may form the basis of a colorimetric
assay since these products of reaction can quantitatively form coloured
complexes with ferric salts. The compound Y-glutamohydroxamic acld has been
shown to develop similar colour equivalent and has a similar absorption
spectra to the glutamohydroxamic acid derivative of CB2-GIn-Gly (Grossowicz
et al,, (1950) and hence a standard curve for the production of this compound
may be constructed by incubating known amounts of glutamohydroxamic acid
with Iron salts and monitoring the colour development. Stock solution (0.4
mg/m!) of glutamohydroxamic acid was prepared in the standard incubation
mixture used for the colorimetric (CB2-GIn-Gly) assay of transglutaminase. To
2 ml of this, 2.0 m! of acidified ferric chloride solution was added. The mixture
was incubated for 10 min at 37°C and then the solution was diluted with water
to the required concentration for analysis. The O.D. was read at 520 nm after

10 min, and 60 min.



ACTIVITY

Transglutaminase activity was determined by the determination of the rate
of enzyme-catalysed covalent Incorporation of [1*C]-putrescine into bovine
B-casein, using a method based on that of Dvilansky et al., (1970). The
components of the reaction mixture (shown In Table 2.2.) were combined,
and samples removed at appropriate time intervals, Samples were pipetted
onto Whatmann 3MM cellulose discs, and the modifled protein was
precipitated by immersion of the disc(s) in a bath of cold TCA. Any
unbound radiolabelled putrescine may then be removed by repeated

washing of the discs in hot trichloroacetic acid (TCA), by the method of

Mans and Novelli, (1961). The procedure Is described below.

*

compound stock concentration (mM) volume added (u?l) final concentration
{mg/m1)
s
S-casein (aq) (1.0 - 10.0 mg/m1) 150 (0.43-4.3 mg/ml)
{14C] putrescine 10.0 150 4.3
CaCi2 (aq) 100.0 18 4.3
DTT (aq) 50.0 8 1.2
transgliutaminase 1 mg/ml 25 (0.07 mg/m1)

* except proteins
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PROCEDURE

1)) Add the components listed in Table 2.2, to the assay mixture in the
order: bovine B-casein, [”C]—putresclne, Caz*, DTT, and finally enzyme.
The specific radicactivity of the putrescine may be adjusted within the
range 0.1 - 1.0 uCi / umol depending on the sensitivity of assay
required. Higher levels than this lead to problems of removal of free
amine since the filter discs tend to disintegrate with multiple washes
and the volumes of TCA required become difficult to handle.

2) Incubate the reaction mixture at 25°C for up to 48 hr, In a
stoppered tube.

3) At convenient time intervals remove up to 100 ul of incubation
mixture and evenly dispense onto 3 MM (2.1 cm diameter) Whatmann fiiter
discs. Leave at room temperature for 1 min. to be fully absorbed.

4) Immerse the disc(s) in a 10 % w/v solution of ice cold TCA, allow
at least 5 ml of TCA soln/disc. Incubate at 4°C for 1 hr.

5) Decant TCA and replace with a second equivalent volume of 5 %
w/v TCA and Incubate at room temperature for 15 min, with occasional

stirring.

6 ) Repeat previous step, but Incubate at 90°C for 35 min.

7)) Repeat step number 5)
8) Decant TCA, add equivalent volume of absolute alcohol. Swirl gently

for two minutes, and repeat.

©9) Decant the ethanol and replace with an equivalent volume of
dlethylether. Swirl gently for two minutes, decant, and repeat.

10) Allow discs to dry and place Into scintillation vials (original
sample-loaded side uppermost) and cover with 5 ml of an appropriate

scintillation fluld ("OPTIPHASE "MP" was found to be convenient).
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1.1 Count samples in an automated scintillation counter®, together with
a number of blank discs, and samples of appropriately diluted stock [“C]
putrescine,

* Liquid scintillation counting was carried out using the Packard Tri-
Carb 2000 CA |liquid scintillation analyser (Canberra Packard,
Pangbourne, Berks. U.K.). All samples for counting were prepared In fine
glass screw topped scintillation vials.

Some proteins (eg catalase) were observed to bind certain amines (ie
dansylcadaverine) non-covalently. The conditions used for the
determination of covalent binding of amines as part of the filter disc
method are so extreme that non-covalently bound amine is unlikely to
stay bound. Stoichiometry determinations, following simple desalting of
protein by gel filtration [see section 2.2.2.3.(b)], are more prone to error
since the native conformation of the amine binding sites are not

denatured during the desalting process.

2.2.3,3. DETERMINATION OF THE NUMBER OF GLUTAMINYL RESIDUES

w N PROTEINS REACTIVE TOWARDS TRANSGLUTAMINAS

A knowledge of the starting concentration of bovine B-casein [or other
proteins], allows the calculation of a stoichiometry of covalent attachment
of putrescine into the protein on the basis of umol amine/umol protein
[Ayy: img/mi/cm solution of bovine B-casein = 0.46 (Thompson and
Pepper, 1964)]. Hence If the amount of transglutaminase added to the
incubation mixture Is known then the specific activity of the enzyme may

be calculated.



The determination of labelling stoichiometries on the basis of
fluorescence is not recommended since the fluorescence of
dansylcadaverine substantially decays over short periods of incubation
at 25°C In typical labelling buffers. In the case of proteins modifled with
el putrescine, samples were diluted and the associated radioactivity
measured using a Packard Tricarb 2000 CA liquid scintillation counter.
The total amount of putrescine bound to protein was calculated by
comparison with the amount of radioactivity associated with a known
amount of [“C] putrescine of known specific radioactivity (see Fig 2.5).
Stolchiometry calculations derived from the filter disc method (see

section 2.2.3.2.) were shown to be > 90 ¥ of that determined by repeated

dlalysls in the case of B-casein.

2 4 RIC ASSAY OF ANSGLUTAMINASE _ACTIV

This assay Is based on the method of Cooke and Holbrook, (1974).
Dansylcadaverine (see Fig 2.6.) replaces ["C] putrescine In the reaction
mixtures described In section 2.2.3.2.. A stock solution of 1-5 mM was
diluted Into reaction mixtures to glve a final concentration of 0.5 to 1.0
mM amine, as required. Fluorometric assay was not found to be as
convenlient as the colorimetric (section 2.2.3.1.) or radiolabelling assay
(section 2.2.3.2,) for the routine assay of transglutaminase activity.

However, the chemical and spectroscopic properties of dansylcadaverine

make It particually useful for :

1) separation of modified derivatives of peptides from mixtures (see

section 2.2.5.5.).
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2) Identification of specific reactive glutaminyl residues within protein

substrates of transglutaminase [see section 2.2.6.2.].

The stoichiometry of Incorporation of dansylcadaverine into proteins was

determined as follows;

After the termination of transglutaminase catalysed protein-labelling
experiments, the reaction mixtures contain high concentrations of primary
amines, EDTA-Ca?* complex, EDTA, DTT. These must be removed from the
protein of interest prior to the further analysis of modified material. This

was achleved by either:

1) dialysis [see section 2.2.2.3.(a).

2) size exclusion chromatography [see section 2.2.2.3.(b)].

Samples were then analysed using the technique described In section
2.2.2.4. (a) and the amount of dansylcadaverine bound to the protein was
determined relative to a standard curve constructed using known amounts
of the amine. The formula used for the number of reactive glutaminyl

fesldues within a protein substrate of transglutaminase (S) was calculated

using the equation shown In Fig 2.5.
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umol primary amine +

stoichiometry [S] =

Kmol protein monomer

Filg _2.5. THE CALCULATION OF NUMBER OF REACTIVE GLUTAMINYL
RESIDUES IN PROTEIN SUBSTRATES OF TRANSGLUTAMINASE [4 = maximum

2235 A COMPARISON OF THE COLORIMETRIC. RADIOMETRIC,
ELUOROMETRIC ASSAYS OF TRANSGLUTAMINASE

The three types of assay have advantages and disadvantages relative to
each other. The colorimetric assay (2.2.3.1.) may be performed quickly (1
hr) and has relatively few steps, compared to the radioclabelling assay
which Is time consuming and rather expensive. However CBZ-GIn-Gly is
only sparingly soluble at high concentrations compared to B-casein at pH
values above 7.6.

The colorimetric assay was used for monitoring the purification of
transglutaminase and the stability of the enzyme after storage (prior to
use In the radlolabelling assays). The radiolabelling assay (see section
2.2.3.2.), and the fluorometric assay (see section 2.2.3.4.) are particularly
sensitive and were used In parallel with each other in experiments
designed to Investigate the specificity of transglutaminase towards novel

protein and peptide substrates (see chapter 4). In such experiments the
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radioactive and fluorescent nature of the attached amine probe could be

used to Identify the glutaminyi residue(s) modified by transglutaminase

(see section 2.2.6.2.).

2.2.4, THE ASSESSMENT OF STRUCTURAL INTEGRITY OF PROTEIN

B RAN AS

2.2,4,1, INTRODUCTION

The determinants of transglutaminase specificity lie not only within the
primary sequence of proteins, but are also determined by the degree of
conformational flexibility in the areas surrounding modification sites (see
section 1.7.). Therefore it Is important to ensure that substrate sites are
correctly folded during their modification by transglutaminase. A number
of methods were avallable for the assessment of different aspects of

protein structure, and these are discussed in sections 2.2.4.2. to 2.2.4.6..

2:2,4.2, BY ASSESCSMENT OF SPECIFIC ACTIVITY,

Since the enzymic actlvity of proteins is dependent on the maintenance
of their correctly folded tertiary structure, an assessment of the specific
activity of an enzyme may be used to Judge the Integrity of its tertiary
structure. This method Is most useful when used In conjunction with other
techniques such as circular dichroism (see sectlion 2.2.4.3.) and SDS PAGE
(see section 2.2.4.4.).

The conditions used for the assay of enzymes tested as transglutaminase

substrates In this study are glven elsewhere (see appendix II). The



concentrations of stock solutions of proteins were calculated from the

published molar absorbance coefficients. Specific activities were calculated

In Units/mg/min.

2.2.4.3, CIRCULAR DICHROISM

Circular dichroism (c.d.) spectra of proteins were recorded at 20°C using
a JASCO J-600 spectropolarimeter, with assistance from Ms S. Kelly. The
cell pathlengths for near u.v. and far u.v. spectra were 1 cm and 0.02 cm
respectively, and protein concentrations were typically in the range 0.5 -
1.0 mg/ml. A detailed structural analysis of the proteins tested required
measurements In the far u.v. down to 190 nm and for this purpose the
spectra were recorded in low strength buffers, typically Tris-HCl or
Triethanolamine-NaOH In the range (10 to 25 mM) le. a little lower In
concentration than in the labelling mixtures. Dithiothreitol (DTT) could be
added up to a concentration of 10 mM without significant interference with
the signal as could 5 mM putrescine and 5 mM Ca?*. Circular dichroism
spectra were normalised to zero elipticity at 250 nm. and mean residual

ellipticities calculated at 1 nm Intervals using the formula shown in Fig

2.6.
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MRW x recorded ellfpticity

MRE [Oly r. yw, =

(protein] x cell path Tength x 10
Emwwwmmmm

In Fig 2.6.MRE Is the mean resldue elipticity and MRW Is the mean residue
welght of an amino acid. Recorded elipticity is measured In degrees.
Protein concentration Is in g/ml. Cell path length Is In cm. The units of
[6],.,... are thus;deg. cm? dmol-'. The secondary structural content was

derived using the CONTIN procedure (Provencher and Gldckner, 1981) [see

section 2.2.8.3.].

2.2.4.4, SDS-PAGE

Polyacrylamide gel electrophoresis in the presence of S.D.S. was
performed by the method of Laemmli, (1970). Polyacrylamide gels were
routinely prepared in advance and stored at 4°C, for a maximum of 5 days
until required.

For sample preparation protein solutions were mixed with an equal volume
of double strength sample buffer containing 10 ¥ v/v 2-mercaptoethanol
and bolled for 3 min. After cooling a 1 vol/ 1 vol mixture of 2-
mercaptoethanol and 1 ¥ w/v bromophenol blue was added to a final
concentration of 5 ¥ v/v and the samples loaded onto gels using a

Hamliton syringe. Sample volumes after preparation were in the range of
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Rm values express the migration of proteins relative to the bromophenyl blue
present in each sample. The protein standards (14 kDa to 70 kDa) were
purchased from Sigma and prepared as described in section 2.2.4.4., prior to

electrophoresis.



10-200 ul and contained 1-20 ug protein. Gels were run at a constant
current of 12 mA for 6hr, or 4 mA overnight,

Gels were stalned for protein in Coomassie Brilliant Blue R-250 solution
and destained In 10 % v/v acetic acid. Protein Mr values were
determined from the relative migration of the protein under test relative
to a number of protein standards contained in the Dalton mark VII
marker set. This marker set contains the following proteins: Bovine
serum albumin (66 kDa), ovalbumin (45 kDa), glyceraldehyde-3-phosphate
dehydrogenase from rabbit muscle (35 kDa), Bovine carbonic anhydrase
(29kDa) trypsinogen (24kDa), soybean trypsin inhibitor (20 kDa) and «~
lactalbumin (14 kDa). A typical calibration curve for these proteins on
a 12 % polyacrylamide separating gel is shown In Fig 2.7. Under the
conditions used (le. 5 mM amine) cross-linking of proteins by
transglutaminase was not observed to be a predominant reaction, nor
were proteinases present in the preparations of proteins tested as
substrates.

A varlation on this type of electrophoresis was used to produce gels
capable of separating peptides. This method required the inclusion of
high concentrations of urea, (Anderson et al., 1983). These gels could be
electroblotted onto an Immobilon sheet, using a modification of the
method of Lin and Kasamatsu, (1983). The dansylcadaverine labelled
peptide bands were identified by their fluorescence. These were cut out
and retalned for microsequencing by .the method of Matsudaira, (1987).
However HPLC separations of labelled peptides was found to be the most
effective way of determining transglutaminase labelling sites due to the

greater preparative capacity of columns to accumulate material for

analysis (see section 2.2.5.5.).
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2.2.4.5. CAPILLARY ZONE ELECTROPHORESIS

This technique separates peptides on the basis of their charge and their
size as in gel electrophoresis, but the sample is easily recoverable after
analysis. Hence this technique may be used to check the purity of
peptides which have been separated from mixtures using HPLC. Samples
were run on an ABI 270 A analytical capillary electrophoresis system;
capillary diameter 50/Jm. The buffer used was sodium citrate pH 2.5, (20
mM) (ABI code 400906). The samples were run at 25 kV at 30°C, and
peptides were detected by their absorbance at 220 nm. Full scale
deflection was 0.01 absorbance units (10 mV equiv). Loading was 5 sec
vacuum loading. Traces were recorded using a chart speed of 5 mm/min.

This was done by Dr B. Smith of Celltech Ltd.

2.2.5. PREPARATION OF MODIFIED PEPTIDES FOR SEQUENCING

2.2.5.1,_INTRODUCTION

Once the number of modification sites within a protein have been
estimated the next step Is to identify the location of reactive glutaminyl
residues within the primary sequence of the substrate. Unless the
modified sites are located within the first 20 - 30 N-terminal residues
of a protein or peptide which has a free N-terminus it Is necessary to
cleave the substrate Into smaller peptides which have appropriate

properties for direct sequencing. To do this the protein is typically :

1) denatured,
2) chemically modified

3) digested using small gquantities of appropriate proteinases.
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The preparation and purification of peptides which carry the modified

residues of their parent protein are described In sections 2.2.5.2. to 2.2.5.5..

2.2,5.2, CARBOXYMETHYLATION OF PROTEIN SUBSTRATES

The procedure used was that of Allen, (1981). Desalted protein was
denatured by incubation with a high concentration (6M) of guanidine
hydrochloride for 1 hr at 25°C. Samples were then treated with 2 mM DTT,
[which will reduce disulphide bonds] and incubated for a further hour. The
addition of a 3 mM excess of freshly prepared iodoacetate solution was then
added to form the acetylated derivative of the cysteine side-chains. After
incubation for a further hour In the dark, the excess lodoacetate was
reacted away with a further excess (10 mM) of 2-mercaptoethanol. The
chemically modified protein was recovered from the mixture by a second
cycle of dialysis against 1 %¥ (w/v) ammonium bicarbonate, pH 8.0. The

chemical modification of free cysteine side-chains improves :

1) the solubllity of protein (and after proteolysis the solubility of peptide

derivatives).

2) overcomes problems associated with the oxidation of cysteine side chalns

lh solution to thelr sulphonlc acld derivatives.

3) prevents the formation of disulphide bridges between material during

peptide purification.

89



2.2.5.3, ENZYMIC DIGESTION OF PROTEIN SUBSTRATES

Tosylphenylichloromethane (TPCK) treated bovine pancreatic trypsin
(Sigma) was found to be effective for the generation of modified peptides
in high yleld In a number of cases at a 1:40 (w/w) ratio of trypsin/protein
substrate. Incubations were conducted at 37°C generally for no longer than
4 hr. Other enzymes used Included Staphylococcus V8 proteinase and

tosyllysylchloromethane (TLCK) treated bovine chymotrypsin.

2:2:5.4, ANALYTICAL HPLC OF THE PRODUCTS OF PROTEOLYTIC DIGESTION

HPLC was used for mapping of peptides produced by the proteolytic
digestion of protein substrates of transglutaminase. Peptide broducts of
digestion were separated by application of gradients of increasing solvent
concentratlon (see section 2.2.5.5.), and eluted material was detected from
the characteristic absorbance at 218 nm of peptide bonds.

Peptides which were radioactively or fluorescently modified by
transglutaminase catalysed reactions were Identifled by the analysis of a
portion of the 1.0 - 3.0 ml of the column fractions which were collected. The
sensltivity of detection of dansylcadaverine-modified peptides was Increased
when necessary by increasing the aperture of the fluorimeter siits.

By careful attention to flow rates (typically 0.2 to 2.0 ml/min) and
f}'actlon size (typically 0.2 to 2.0 ml), the modified peptides were identified
as specific peaks In the recorded traces. This "fingerprinting” technique
was used to determine the optimum digestion conditions for the production
of suitable preparations of modified peptides for sequencing. The procedure

was then scaled up to a preparative ie. milligram level (see section 2.2.5.5.).
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Prior to injection onto HPLC columns samples were firstly analyzed
by SDS-PAGE (see section 2.2.4.4.) to avold the Injection of large
polypeptides onto the column. Undigested material often has a tendency to
precipitate in the solvent systems used, causing column damage. A number
of blank gradients were run, prior to analytical separations to ensure that

no extraneous material had adhered to the column from previous

separations.

2:2.5.5, PREPARATIVE HPLC OF TRANSAMIDATED PEPTIDES

The peptide fragments were separated by reverse phase HPLC on a
Vydac C-18 (end capped) column of dimensions 25 cm x 4.6 mm and particle
slze 5 um. Peptides were typically eluted from the column by application of
a linear gradient between 90 % solvent A, and 70 ¥ solvent B over a period
of 30 - 90 minutes. Solvent A consisted of 0.4 ¥ (w/v) agueous solution of
triethylamine, adjusted to pH 2.5 with orthophosphoric acid. Solvent B was
solvent A contalning 60 % (v/v) propan-2-ol. Modified peptides were located
as described In section 2.2.5.4.. Peak fractions were rechromatographed on
similar gradients to the initlal separation, but using 0.1 ¥ TFA as the
modifying agent and acetonitrile as the organic phase (final pH retained
at 2.5), for the purposes of peptide sequencing. By rechromatography of
purified peptides on relatively shallow gradients of solvent B It was
p.osslble to assess the purlty of peptides through the sharpness and
symmetry of the peak. The labelled peptides were retained for further
purlification and sequence analysis. Any variation In purification technique

Is described together with the results presented.
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2.2.6. ANALYSIS OF TRANSAMIDATED PEPTIDES

2.2.6.1. INTRODUCTION

Transamidated peptides were characterized by direct peptide sequencing,
amino acid analysis and mass spectrometry. These techniques are

described in sections 2.2.6.2. to 2.2.6.4..

2.2,6.2, PEPTIDE SEQUENCING

The sequence of the modified peptides were determined using an Applied
Biosystems Model 470 gas phase sequencer, with on-line 120A PTH
analyzer. Phenylithiohydantoin (PTH) derivatives produced at each cycle
were identifled by HPLC by reference to standard PTH derivatives of
amino aclids. Samples of purified peptides were reduced In volume to 50
pl by rotary evaporation using a Gyrovap (care was taken not to reduce
samples to dryness) and loaded onto a Blobrene 2 x F2C treated filter.
The sample tube was rinsed with 15 ul of glacial acetic acid and this was
loaded onto the sequencer. Peptide sequencing of samples derived from
transaminated B-lactoglobulin, phosphoglycerate kinase Hisy, = Glng,
mutant, and bovine catalase and porcine pepsin was by Edman
degredation and was done by Dr. B. Smith of Celitech Ltd., Slough,
Berkshire. The analysis of peptides derived from bovine B-casein was

performed by Dr L. Fothergill-Gilmore of the Department of Blochemistry,

University of Edinburgh, Scotland.

a), PEPTIDE SEQUENCING OF DANSYLATED PEPTIDES

During the sequencing of dansylated peptides a characteristic gap |is

observed at that cycle of the sequence determination which releases the
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PTH derivative of N-( Yglutamyl)dansylcadaverlne from the sample. The
fluorescence associated with this amino-acid derivative may be detected
in the column eluate. A proportion of this material (10 %) was
automatically retained after each cycle and this was used for analysis.
The 60 pl retained from each sequencer cycle was dried down under
vacuum and taken up in a small volume of methanol and spotted onto
polyamide sheets and illuminated under u.v. light. The location of
dansylated amino acid derivatives within a sequence was confirmed by

the characteristic pale yellow glow assoclated with the dansyl moiety.

b). PEP SEQUENCING OF [“c]-PUTRESCINE LAB EPTIDES

The [“C]-putresclne derivative of a modified glutaminyl residue was
observed to Increase retention time of the PTH derivative to
approximately that of PTH itself. The modification could be confirmed by
scintillation counting of the 60 ul of the column eluate retalned after
each sequenator cycle. The majority of the radioactivity associated with
the orliginal peptide appears at that sequenator cycle which releases the
PTH modified N-( )’—glutamyl)putresclne residue. Since the hydrophobic
nature of dansylcadaverine Invariably caused a large shift in the
retention times of modified peptides this amine was generally used In

preference to putrescine as a probe of reactive glutamine residues

within substrates of transglutaminase.

2.2,6.3. FAB-MASS SPECTROMETRY OF TRANSAMIDATED PEPTIDES

In some cases |t was possible to check the calculated Mr of the modified

peptide sequence by FAB-mass spectrometry. This technique also served
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to show the stable nature of the transglutaminase-mediated isopeptide
bond formed between the protein of interest and the dansylcadaverine.
Peptide mass determination was carried out on a VG Trio 3 Triple Quad
mass spectrometer with an Ion Tech Xenon Fast Atom Bombardment gun.
The scan mass range was from Mr 1500 - 2500, calibrated with Caesium
Iodide clusters. Samples of 500 ng modified peptide were dissolved in 5
ul of 10 %¥ (v/v) aqueous acetic acid and 1 ul added to thioglycerol on
the target. This work was done by Mr T Gibson, Xenova Ltd, Slough,

Berkshire.

2.2.6.4. AMINO ACID ANALYSIS OF LABELLED PEPTIDES

Peptide and protein samples were subjected to prolonged acld hydrolysis
and the products analyzed using an automated (Applied Biosystems)
~amino acid analyzer, This work was done by the technical staff at

Celltech Ltd. Slough, Berks.

2.2.7. THE DETERMINATION OF SUBSTRATE SITES FOR TRANSGLUTAMINASE

WITHIN PROTEIN SUBSTRATES

2.2.7.1, INTRODUCTION

The conditions used to test the substrate properties of a protein or
peptide afe similar to those used for the radiolabelling assay (see
section 2.2.3.2,) and the fluorescence assay (see section 2.2.3.4.) of
transglutaminase. The substrate to be tested was substituted for 8-
caseln in the Incubation mixture at a concentrations which were

typlcally in the range of 3.0 - 6.0 mg/mil. The reducing agent DTT was

also added to incubation mixtures typically in the range of
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1.0 - 5.0 mM, as required, see section 3.4.2.. Whenever possible the

components of the incubation mixture were dissolved in buffers which:

1) resembled that In which the data for the construction of a folded

structural model had been derived,

2) were compatible with established assay conditlons, (if the test protein

was known to have an enzymic activity dependent on a highly folded

structure).

Tris-HCI (50mM) pH 7.0 - 8.0, and triethylamine~NaOH (50 mM) pH 7.0 - 8.0,

were found to be satisfactory In most cases.

Protein labelling was carried out both with ['‘C]-putrescine and

dansylcadaverine in parallel. Samples were removed at regular intervals for;

1) determination of stoichiometry of modification by the fllter disc
procedure (See section 2.2,3.2.) and fluorometry (see sectlon 2.2.3.4),

2) Dllutlyon; and enzyme assay (see section 2.2.4.2,),

é) electrophoretlc analysis on SDS-gels (see section 2.2.4.4.),

4) Dilution (qually by three to six fold) and analysis of secondary
structural Integrity by circular dichroism (see section 2.2.4.3.).4

5) Desalting by size exclusion chromatography or by dialysis (see section

20 2-2- 3- )o
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§) for the calculation of labelling stoichiometries (2.2,3.4.).

7) final analysis of modification site(s) by proteolytic digestion, and
purification by HPLC of suitable sized peptides for peptide sequencing (see
sections 2.2.5.5.).

8) Characterization of labelled peptides by direct sequencing (see section
2.2.6.2.), amino acid analysls (2.2.6.4.) and mass spectrometry (see section
2.2.6.3.).

9) The location of the modified glutaminyl residue was located within the
three dimensional structure of the protein by viewing computer generated

graphical models of the substrates (see section 2.2.8.1).

4 Circular dichroism could not be performed on samples which contained
excess dansylcadaverine due to the high absorbtivity of this compound over

the 220 - 400 nm range.

The activity of transglutaminase was always tested by the colorimetric
method (2.2.3.1.) approximately 1 hr prior to execution of these large scale
(and hence expensive) protein labelling experiments. The buffers used for
the colorimetric assay of transglutaminase activity were constructed to
resemble the buffer which was used for the following proteln modification
experiment. The substrate properties of known transglutaminase substrates
eg. B-casein were examined In parallel with any new protein under test,
together with proteins known to be poor substrates eg. .pancreatic
ribonuclease A (bovine) [see section 4.3.1.1]. Each labelling experiment was
performed In parallel with a control lacking transglutaminase. All proteins
for which the modification sites were determined were tested a minimum of
three times using the above procedure. Direct amino acid sequence

determinations were only performed once on each of the purified peptides
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examined. Care was taken to ensure that the maximum observed
stoichiometries of incorporation of amine into proteins by transglutaminase
correlated satisfactorily with the number of directly determined

modification sites.

HNIQUES MINATION

QF TRANSGLUTAMINASE SPECIFICITY

OF CO GRA

Computer facilities at Aberdeen and Glasgow universities, and Celltech
Ltd. Slough, Berks. were used for the viewing of the x-ray structures of
a number of proteins from the Brookehaven database. The molecular models
were generated using the "QUANTA" programme from Polygen and were
displayed using an IRIS 3130 works station from Silicon graphics. The
BIPED procedure (Akrigg et al., 1988) was used to assess the relative
accessibllities of glutaminyl side chains at the surface of proteins within
this database. This data was obtained with the assistance of Dr L. Sawyer.,
Energy minimization of peptide structures were done using the CHARMm
programme. The FRODO programme was used for the superposition of the
3-D structures of a number of protein and polypeptide structures of
transglutaminase. The structure of bovine @G-lactoglobulin was

stereoscopically viewed at Edinburgh University, by kind permission of

Dr L. Sawyer.

97



2.2.8.2, SECONDARY STRUCTURAL PREDICTION OF PROTEINS AND PEPTIDES

USING COMPUTER ALGORITHMS

A range of methodologies Is available for the prediction of local
secondary structure within peptide sequences. The method of Chou and
Fasman, (1974 a,b, 1977) was used to predict the secondary structure of
transglutaminase. Many of the other structural predictions on shorter
sequences were done using the programme PREDICT (Ellopoulos et al., 1982)
as modified by E. Ellopoulos (see Sawyer et al., 1986, 1987) to include up to
eight different predictions of & -helix, B-sheet, 8-turn, or other structure.
For an o -helix or B-strand to be predicted, it was required that more
than three methods should give the same prediction over four or more
contiguous peptide bonds. For B-turns the requirement for contiguous
residues was dropped. All secondary structural predictions were done by

Dr L. Sawyer, University of Edinburgh (see section 9.2).

2.2.8.3, THE PREDICTION OF SECONDARY STRUCTURE FROM DATA OBTAINED
EROM CIRCULAR DICHROISM

Clrcular dichroism is widely used for studying the conformation and
conformational changes in proteins (see section 2.2.4.3.). The usual measure
of secondary structure Is achieved by approximation of the mean resldue
élllptlclty at wavelength % simply by linear superposition of a small set of
N, reference spectra r, (A) each of which Is supposed to be characteristic
of a particular conformational class. The classes o{ -helix, B-sheet and

remainder (ie. all that does not belong to the other classes) were used.
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y () = Z’ f,r, (A)

Abbreviations: fy is the fraction of residues in class 1. and the r,(A) values are

The mean residue elipticity of a protein at a certain wavelength may be
calculated from the equation shown in Fig 2.8.. No single reference spectrum
can accurately represent all the members of the three conformationally
deflned classes, (Chang et al., 1978) since attempts to take all these
parameters Into account would be too complex using the least squares
estimates of f values and they would be unstable to experimental error.
Provencher and Gl&ckner, (1981) have developed a simple constrained
regularization procedure which ylelds solutions for f values which are
stable to experimental error even when there are many parameters. C.D.
spectra are Interpreted In terms of a linear combination of the c.d. spectra

of sixteen proteins of known secondary structure. The problem of defining

reference spectra Is thus avolded.
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Computer based methods were used to search databases for peptide
sequences which resembled the known substrate sites of transglutaminase,
and the statistical frequency of occurrence of sequence motifs associated
with transglutaminase substrate sites. This work was done using the I.C.L.,
64 x 64 Distributed Array Processor (DAP; Flanders et al., 1978) as
described by Coulson et al., 1987). The programmes for inexact string-
matching were developed by Lyall et al,, (1986) : this has implemented the
" Best Local Similarity “ algorithm of Smith and Waterman (1981). This work
was done by Dr L. Sawyer, Department of Blochemistry, and Dr A. Coulson,

Department of Molecular Biology, University of Edinburgh.
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Transglutaminase was purified from guinea pig liver using a procedure
which combined features of the methods of Connellan et al., (1971), and of
Folk and Cole, (1966). The pH optimum for the enzyme, and the effect of
reducing agents on transglutaminase activity were investigated and
compared with the commercially available (Sigma) enzyme for the substrates
CBZ-GIn-Gly and B-casein. The substrate properties of a number of proteins
of known sequence (and In some cases tertlary structure) were
investigated. Some model systems were Identified for extending the

investigation of the basis of transglutaminase specificity.

Freshly excised guinea plg livers were stored in 0.25 M sucrose soln
for up to one week at 4°C prior to use, otherwise they were stored at -
20°'C untlil required. Transglutaminase was purified from this material using
é combination of lon exchange, and size exclusion chromatography to such
a stage that only a single band was observed on a 10 ¥ polyacrylamide gel

following the analysis of samples as described In section 2.2.4.4.
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The apparent molecular welght was : estimated to be 80 kDa. Protein
concentrations were measured usan the Coomassie Blue binding method of
Sedmak and Grossberg, (1977), see section 2.2.2.2. The purification was

carried out at 4°C unless otherwise stated, and involved the following steps:

1) 45 g of fresh livers were cut up Into 1.0 cm® cubes and suspended In
0.25 M sucrose solution (at 4°C) added to glve a final volume of 112 ml. This
mixture was homogenized quickly using a teflon in glass homogenizer.

2) The homogenate was centrifuged at 20,000 rpm. for 40 min.

3) 20 ml of sodium acetate (100 mM) was added to 100 ml of supernatant to

a final concentration of 16.6 mM,

4) The sample was adjusted to pH 5.0 with 1.0 M acetic acid over two
minutes, with stirring.

5) The cloudy mixture from step 4) was centrifuged for fifteen minutes at
20,000 r.p.m. and the supernatant was retained.

8) 25ml of supernatant was then applied to a DEAE-Sephadex column
(dimendions 8.0 x 20 cm) and eluted with a linear gradient of 0.1 - 0.5 M KCI
in tris-HCI (5 mM)pH #5. containing EDTA (2 mM). Column fractions were
assayed Initially on the basis of esterase activity of fractions towards p-
nitropheny! acetate (Gross and Folk, 1973) In order to establish the
approximate location of transglutaminase (phosphatases, and proteinases can
also catalyse this reaction). Transglutaminase activity was then confirmed
by the colorimetric hydroxamate procedure (see section 2.2.3.1.) of Folk and
Cole, (1966).

1) The enzyme rich fractions were combined and ammonium sulphate was

added to glve 60 X saturation, with gentle stirring over fifteen minutes.

This was adjusted to pH 7.5 by the dropwise addition of NaOH (aq) with stirring
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The solution was then centrifuged at 12,000 g for twenty minutes and the
pellet collected. The supernatant was adjusted to 80 % saturation and the
previous centrifugation step was repeated.

8) The pellets from step 7 were redissolved In 5 ml of Tris-acetate (10 mM)
pH 6.0, EDTA, (2 mM), KCl, (0.16 M), and applied to a sephacry! 8-300 column +
equlilibrated with the same buffer. This buffer was also used to elute
proteins from the column, 2.6 ml fractions were collected. The fractions
were assayed as described In step 6). The peak fractions were then
analyzed by SDS-PAGE (see section 2.2.4.4.) to assess the purity of samples.

Samples were stored in various ways In order to assess stablility.

3.3, RESULTS AND DISCUSSION

3.3,1. PURIFICATION OF TRANSGLUTAMINASE

A purification table for transglutaminase Is shown In Table 3.1..
Transglutaminase was estimated to represent more tha: 95 % of the final
materlal as judged by staining of SDS-PAGE gels with Coomassie bri.liant
blue G250. The enzyme purified by this method was found to be identi :l In
molecular welght (*80 kDa), and homogeneity to the commercial source -oth
the laboratory purlfied and commercial sources of transglutaminase w~ere
judged free from contamination by proteinases when bovine B-casein was
used as a substrate [(Northrop et al., (1948) and Nomoto et al., (1960)].
fhe variation In yleld of enzyme was related to the period and temperature
of storage of livers prior to ho&vogenlzatlon. The best results were obtalned
using livers which had not been frozen, and stored In sucrose at 4°C for

less than two weeks prior to use.

1-

Dimensions 100 cm X 3.5 cm
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TABLE 3.1,

Purification of transglutaminase

Based on 45g of guinea pig liver

o 2 0 e = - - - - -

PURIFICATION STEP PROTEIN (g) Specific activity yield (X)
{units/mg)
Homogenate 100.0 0.026 100
Supernatant 35.0 0.015 20
pH /centrifugation 10.5 , 0.030 12
step. resuspended
pellet
DEAE-sephadex
chromatography 1.5 0.10 5.7
0.03 2,0 2.3

Gel filtration

The fractions were assayed on the basis of the CBZ-GIn-Gly colourimetric assay
described In section 2.2.3.1..



livers which had not been frozen, and stored in sucrose at 4°C for less

than two weeks prior to use,

3.3.2, THE STABILITY AND CONDITIONS OF STORAGE OF TRANSGLUTAMINASE

When transglutaminase was stored in aqueous buffered solution at pH
6.0 at 4°C the specific activity of transglutaminase was found to decrease
by approximately 50% in two weeks. Storage at -20°C did not significantly
improve the stabllity of samples. Freeze/thawing reduced the specific
activity of samples further. Freeze dried samples had far greater stability.
The commercial source of transglutaminase was prepared from a lyophilized
powder as a 1 mg/ml solution in double distilled water and freeze dried In
100 p! aliquots in 1 ml Eppendorf tubes. The enzyme was stored at -20°C for
at least six months with < 10% loss of activity.

Since the supply of guinea pig livers could not be guaranteed and
the commercial source was shown to possess activity directly resembling
that In previously published reports the commercial source of enzyme was
used for the protein modification experiments described In chapters 4 to

eight. Different batches of this enzyme were shown to have conslistent

properties.

3.4, THE ACTIVITY OF TRANSGLUTAMINASE (CONTROL STUDIES)

34,1, INTRODUCTION

The literature shows that transglutaminase actlvity has been routinely

assayed In mixtures which contain reducing agents such as DTT (see section

1.6.6.). Since reducing agents may cause conformational change
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in disulphide bonded proteins, it was decided to Iinvestigate the possibility
that the enzyme could be used In the absence of such compounds. The
effect of inclusion of DTT In standard assays of transgiutaminase activity
using CBZ-GIn-Gly as acyl donor was Investigated. The structure of this

substrate is not thought to be affected by the Inclusion of reducing agents.

NS T A \'2

3.4.2.1, METHODS

Standard reaction mixtures (as used by Folk and Cole, 1966) were set
up for the assay of transglutaminase activity (see section 2.2.2.1.).
Dithiothreitol (DTT) was freshly prepared as a 100 mM stock solutlén In
buffer (Tris-HCl, 50 mM, pH 7.5) and diluted into the mixtures to a final
concentration of 0.0, 1.0, and 5.0 mM respectively. A stock solution (1
mg/ml) of gulnea pig liver transglutaminase was freshly prepared [by
addition of double distilled water to the Iyophilized enzymel, and 20 ! of
this solution was added to each mixture. Control mixtures from which either
transglutaminase or Ca?* were omitted were prepared In parallel. The

experiment was conducted in duplicate and repeated three times.

Approximately 30 % of the activity of the enzyme was lost In the absence of
DTT (see Fig 3.1.). Folk and Cole, (1965) have reported a 42 ¥ reduction In

the activity of transglutaminase over a 1.0 hr period in the absence
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Details concerning the general conditlons used for the assay of transglutaminase
towards CBZ-GIn~-Gly are given in the text. Where DTT was omitted water was
supplemented so that all the reactions occurred In the same volume. The actlvity
of transglutaminase was monitored in the absence (A), and in the presence of
DTT at concentrations of 1.0 (@) and 5.0 mM (A ). Samples were incubated at
37°C. Transglutaminase was totally inactive in the absence of added calclum ions.
Tubes were prepared In dwlicate and the experiment was repeated three times.



of 5.0 mM glutathione. Full activity was observed with 1.0 mM DTT. Ralsing
the concentration to 5.0 mM had no further effect. From the results of
chemical modification experiments (Folk and Cole, 1966; Boothe and Folk,
1969) transglutaminase does not appear to contain any disulphide bonds in
its native state, although many cysteine residues are titratable, and hence

located at the surface of transglutaminase. The reason for the effect of DTT

could be due to:

1) protection of the active site Cys from oxidatlon,

2) the prevention of disulphide interchange within transglutaminase.

3.4,3. oH ACTIVITY PROFILE OF TRANSGLUTAMINASE

3.4.3.1, METHODS

Assay mixtures were prepared as described In section 2.2.3.1., with the
exception that triethanolamine HCI (100 mM) [titrated to the appropriate pH
with 1 M NaOH (aq)] was used to buffer the mixtures over a pH range from
5.5 - 9.0. Samples were incubated for 1 hr in the presence and absence of
DTT (1 mM) and assayed by the method of Folk and Cole (1966). The
conformation and charged state of CBZ-GIn-Gly is not expected to be
strongly affected by the pH of the assay mixture and hence Is considered

a sultable substrate for Investigating the pH activity profile of

transglutaminase.
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3.4,3.2, RESULTS AND DISCUSSION

The specific actlvity of transglutaminase was calculated to be 0.65 U mg™!
min-' at pH 6.0. The effect of Increasing pH on the actlvity of
transglutaminase Is shown in Fig 3.2. The highest Initial rate of enzyme
activity was at pH 8.0 using CBZ-GIn-Gly as substrate. This compares well
with the pH optimum observed by Clarke et al., (1959) and Folk and Cole,
(1966). The pH optimum (6.5) reported by Borsook et al.,(1953) may have
been the result of the use of phosphate buffers in the Ca?*-dependent
lysine incorporating system.

CBZ-GIn-Gly was not fully soluble above pH 8.0 since a slight
cloudi ness was observed In the mixture. The true pH optimum is likely to
be closer to 8.5, which was that observed when 8-lactoglobulin and 8-casein
were tested as substrates (see chapters 5 and 7). This Is comparable with
the optimum pH of 8,5 observed for the incorporation of dansylcadaverine

into heat treated guinea pig liver proteins observed by Clarke et al.,(1959).

3.5, CONCLUSIONS

The laboratory purified transglutaminase appeared to be identical to
both transglutaminase purified by Connellan et al., (1971) and to the
commercially avallable source. Hence it appears reasonable to compare the
results obtained as part of this thesis with the published literature. The
6bservatlon that DTT Is not essentlal for activity, allows transglutaminase
to be tested on protein substrates in the absence of reducing agents. A
lack of protein modlification under such conditions Is most likely to be due

to the poor substrate properties of the protein under test, rather than

inactivation of transglutaminase.
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Eiq 3.2, THE EFFECT OF pH ON THE ACTIVITY OF TRANSGLUTAMINASE

The effect of pH on the enzymic activity of transglutaminase using CBZ-Gin-Gly
and hydroxylamine as substrates was tested using the general reaction and

- buffer system described in section 2.2.3.1.. Tubes were prepared in duplicate

and the experiment was repeated twice.
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CHAPTER FOUR PRELIMINARY SCREENING OF PROTEINS AS SUBSTRATES

4.1. INTRODUCTION

A review of the literature (see section 1.7.) concerning the substrate
properties of a number of peptides and proteins for transglutaminase has
suggested some recurrent themes In the sequences which surround reactive and
non-reactive glutaminyl residues. Few globular protein substrates of
transgliutaminase have been structurally characterized, and investigation of the

substrate properties of these compounds may provide greater insights into the

relationship which exists between:

1) a primary amino acld sequence,

2) its folded structure,

3) its conformational flexibility,

4) local steric constraints about glutaminy! residues,

5) the substrate properties of glutaminyl residues within the sequence.

A number of proteins were screened for substrate properties towards
transglutaminase and the degree of modification of these proteins was calculated
as described In section 2.2.2.3.. Protein concentrations were calculated on the
baslis 01; the known absorbance coefficients for 1 mg/mi solutions of these
proteins as recommended by the suppliers of these materials (see section 2.1.1.).

This chapter identifies some model systems for understanding the basis of the

specificity of transglutaminase.
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4.2.1, METHODS

A number of proteins and peptides were tested as substrates for
transglu;amlnase by their substitution for bovine B-casein Iin standard
transglutaminase assay mixtures described in section 2.2.3.2.. In many cases

substrate properties were tested In the presence and absence of reducing agents
(see section 3.4.2.).
4,22, RESULTS AND DISCUSSION

Table 4.1. shows those proteins which did not appear to have substrate
properties. The results of these studies illustrate the general rule that denatured
proteins tend to have greater numbers of substrate sites than their folded
counterparts, eg. antibody IgG B.72.3 (raised against mucein) lacked substrate
properties, unless partially denatured by DTT treatment. Hence the most compact
proteins (as judged by their X-ray structures) tended to be the least effective as
substrates eg. ovalbumin (Stein et al,, 1990), ribonuclease A (Wlodawer and Sjolin,
1983), and cytochrome ¢ (Bushnell gt al,, 1990).

Table 4.2. shows the proteins which appeared to have substrate properties,
together with the observed stoichiometry of modification, and references relating
tothe structure of the compound. Several globular proteins are evident in this list,
eg. bovine B-lactoglobulin, amutant of yeast phosphoglycerate kinase (PGK)[{where

His 5,4 was mutated to Gln ,,,], rabbit muscle aldolase, yeast alcohol dehydrogenase,

lactate dehydrogenase and bovine liver catalase.
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Yable 4.1.

Proteins tested which have poor substrate properties for transglutaminase

MAXIMUM INCORPORATION OF PUTRESCINE

PROTEIN AT pH 7.8 (mol amine/mol protein) COMMENTS

+DTT (1 mM) -DTT
Ribonucleass A 0.05 0.05 See section 4,3.1,
Type IIa

(bovine pancreas)

Ribonuclsase A 0.50 0.20 See section 4.3.1.

Type XIIla
(bovine pancreas)

Cytochrome C 0.05 0.08 See section 4.3.3.
(horse heart)

Ovalbumen 0.10 0.05 Compact structure
(Chicken)
Lysosyme 0.05 0.05% See section 4.3.4.
(Chicken eg9
white)
DHQase 0.05 0.05 Substrate covalently
(E. Coli) bound

0.20 0.15 No bound substrate
BSA 0.40 0.20 Fairly compact tri-domain
(serum albumen) structure
PGM 0.20 0.15 Globular protein with Gin-
(yeast) containingC-teminaltail,
PaAK 0.15 0.10 Qlobular protein with many

(phosphoglycerate kinase) exposed GIn residues

Globular protein with Gin

Hasmoglobin 0,25 0.10
no 2 exposed

The labelling conditions were as described in section 2.2.3.2. ie. pH 7.5
and Incubations were performed at 25°C for approximately 20 h in all
cases. At higher pH values more GIn residues became reactive in some
cases eg. In the presence of 5 mM DTT up to 6.0 mol putrescine/mol
protein could be incorporated into porcine pepsin.



Table 4.2,

Proteins determined to have substrate properties for transglutaminase

- G - D " = T D - 45 A T A P D T B 4D e m— A . — - T S - A S . e —

MAXIMUM INCORPORATION OF PUTRESCINE

PROTEIN AT pH 7.6 (mo) amine/mol protein) COMMENTS
(+07T) (-DTT)
?-‘Ilctogbou‘lin 2.0 0.15 See chapter §
(bovine)
(H18388-G1n388) 1.2 1.0 See chapter 8

mutant of PGK
bovine B-casein 2.0 1.5 See chapter 7

porcine pepsin 3.5 1.0 See chapter 8

bovine liver

catalase 3.0 2.0 See chapter 8

fibrin peptide 2.2 1.9 See chapter 8

ADH (yeast) 2.0 1.3 no effect on ADH
activity

LDOH (rabbit 2.0 1.3 no effect on LDH

muscle) activity

alolase (rabbit 2.0 1.5 effect not tested

muscle)

IgG 872.3 2.0 0.3 effect on antigen

) binding not tested (vs

mucein)

The Incubation conditions for these experiments were identical to those
described in Table 4.1.



Some of the substrates tested have previously been shown to have
substrate properties (Brenner and Wold, 1978). In some cases the maximum
observed stoichiometry of labelling was lower than previously reported eg.
only 1.0 - 2.0 mol amine/mol bovine B-casein represented only 30 % of the
total Incorporation (5 - 8 mol dansylcadaverine/mol succinylated B-casein)
observed by Yan and Wold, (1984). In other cases higher stoichlometries of
labelling were observed than has been reported by other workers eg.
Brenner and Wold, (1978) observed only 2.0 mol amine/mol pepsin in the
presence of DTT compared to > 5.0 mol/mol Incorporation reported in this

work. These differences probably reflect the shorter period of incubation

of samples in the former case.

4,3, STRUCTURAL FEATURES OF GLOBULAR PROTEIN SUBSTRATES

The location of reactive glutaminyl resldues may be predicted within
some of the protein substrates of transglutaminase listed in Table 4.2, since
they are the only ones which appear to be exposed In models constructed
on the baslis of X-ray crystallographic data. However, the specificity of
transglutaminase seems to depend on more than simply the degree of
exposure of glutaminyl residues, since In most proteins, more glutaminy!
residues a;'e exposed than the maximum stoichiometry of labelling. The
substrate propertles of some of the proteins tested are discussed on the

baslis of their structures in sections 4.3.1. to 4.4.3..
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4,31, GLOBULAR PROTEINS WITH POOR SUBSTRATE PROPERTIES FOR

RAN

4.3.1,1, BOVINE PANCREATIC RIBONUCLEASE A

The lack of substrate properties of the native RNAase A confirms the
findings of Yan and Wold, (1984). A consideration of the X-ray structure of
bovine pancreatic ribonuclease A (Wlodawer and Sjolin, 1983) shows that
Gln,, has a relative accessibility greater than 0.67 [using the criteria of
Chothia (1975)] and hence Is fully extended In the crystal structure (see

Flg 4.1.). The lack substrate propertles of ribonuclease A Is therefore likely

to be due to :

1) a lack of sufficlent flexibility about exposed glutaminy! residues,

2) other discouraging features, such aé the presence of unfavourable amino

acid side chains In the linear sequence surrounding these reslidues.

RNAase Is disulphide bonded In the regions adjacent to the exposed
glutaminyl| residues. The conformational restriction of residues surrounding
potentlal substrate sites is unlikely to allow sufficient local conformational
flexibility for an extended region of the region of polypeptide chain
;urroundlng the glutaminyl residues to bind efficiently at the active site
of transglutaminase. It may be significant that there Is a high concentration
of positive charge on the C-terminal side of Gin,, due to the presence of
Lyss, and Arg,,. The sequences surrounding the glutaminyl residues of
RNAase are shown In Table 4.3. On the basis of amino acid sequence

surrounding the glutaminyl residues within ribonuclease, certain
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residues are not expected to have high reactivity even if the proteln is
denatured eg. Gin,,, and GIn,,. Yan and Wold, (1984) have reported that
RNAase may be modified to a stolchlometry of 3 mol amine/mol protein in
samples which were firstly oxidized with performic acld and then
succinylated. This could be due to the reduction vof positive charge
surrounding glutaminyl sites rather than simply being due to Increased

exposure of reactive side chains.

Jable 4.3. SEQUENCES FLANKING GLUTAMINYL RESIDUES IN RIBONUCLEASE

A

RESIDUE AMINO ACID SEQUENCE RESIODUE
s a-a e OARIH-HE)s-8-1-3 18
22 8-8-N-v-c-nafu-u A s An-L 33
9 ®s-L-a@viaia-v-c-s-afw 62
54 V-G-A-V~C-$ o«r&n-v-»c&u o7
63 V-A-CAXN-G{Q{T-N-C-Y-Q-8-Y 76
69 -Q-T-N-C-Y{Q}$-Y-8-T-M-8-1 82
' c-a-v A1 9] A-nRu-1@-coon 108

Positively charged residues are in triangles and negatively charged residues are incircles.

A higher stoichiometry of modification was observed when RNAase XIIa
(Sigma) was tested as a substrate (see Table 4.1). This protein Is especlally
low In phosphate content and hence not only Is the molecule thought to be

less rigid but also Gin,, Is thought to be more exposed (Campbell et al,

1987)..
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4.3.1.2. CONCANAVALIN A

A consideration of the X-ray structure of concanavalin A (Reeke et al.,

1975) [see Fig 4.2], shows that the single highly exposed glutaminyl

residue (Glnu) is located in a B-bend. The lack of reactivity may be

explained by ;

1) a lack of sufficient flexibility in this region. Residues GIng to Lysy

form a B-bend which may have considerable conformational stability

2) the location of a positively charged residue, Lysy in the C-terminal

region (see Fig. 4.3.).

36 &—T-A-&-W-N-M—Q@GA—V—G-T-A 50

Filg 4.3, S NC RROUNDING EXPOSED GLN; IN CONCANAVALIN A

wWhen the published amino acid sequence of con A (Becker et al., 1976)
Is matched to the crystal structure, giutaminy! residues Glnm, GINnyy,
Glny;, and Gin,,, are not sufficlently exposed to act as substrates for
transglutaminase as they are either Internal or at the dimer interface
or the accesslbility of these residues being less than 0.67. Alternatively

the slde-chain of glutamine Gln‘3 Is located midway along a stretch
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! s 10 15

1 LYS GLU THR ALA ALA ALA LYS PHE GLU ARG|GLN|HIS ASP SER 1S
16 SER THR SER ALA ALA SER SER SER ASN TYR ASN MET MET 30
31 LYS SER ARG ASN LEU THR LYS ASP ARG LYS PRO ASN B 45
46 PHE VAL HIS GLU SER LEU ALA ASP 1 ﬁ;—ALA VAL CYs GLN[ 60

61 LYS ASN VAL ALA CYS LYS ASN GLY [GLN|THR'ASN CYS TYR DINferd 75
76 TYR SER THR MET SER ILE THR ASP ARG GLLL THR GLY SER 90
91 LYS TYR PRO ASN CYS ALA TYR LYS THR THR |[GLN|ALA ASN LYS HIS 10$

106 ILE ILE VAL ALA CYS GLU GLY ASN PRO TYR v PRO VAL HIS PHE 120

(a)

121 ASP ALA SER VAL 135

Cra

(a) The amino acid sequence of bovine pancreatic ribonuclease A (Smyth and
Moore, 1963).

(b) Schematic drawing of the the trace of the polypeptide in a subunit of bovine
pancreatic ribonuclease A. The structure was taken from (Campbell and Petsko,
1987). Regions of B-sheet are arrow-like bars and d-helix are colis A variety
of residues are labelled in order to orlentate the reader with respect to the

overall folding of the polypeptide chain.



(a) Schematic drawing of the backbone %-carbon trace of the polypeptide in a
subunit of concanavalin A from jackbean in standard orientation ie. viewed down
the x-axis. The metal binding regions is at the top, and the carbohydrate
binding region at the lower right. The bottom represents the dimer interface.
The approximate position of the exposed glutaminyl residues are indicated by

arrows.

(b) The dimeric structure is shown. This is very stable and probably represents
the structure of Con A in the transglutaminase incubation mixtures.The residues
belonging to the large B-structure at the back of the dimer are in bold type.

These structures are taken from Reeke et al., (1975).



of six amino acid residues which are either surface located or fully exposed.
By comparison with other substrate sites within globular proteins the size
of this loop-like connecting section may be too small to allow reactivity.

A similar sized loop Is seen In ribonuclease A which also contalns unreactive

glutaminy! residues (see section 4.3.1.1.).

4 ROM

A consideration of the X-ray structure of horse heart cytochrome c,
(Bushnall et al,, 1990) shows that Gin, Is located within an & -hellcal reglon,
that Gin,, Is restrained by Its Interaction with the haem group, but that
Gln,, Is located in a surface loop and hence is the most exposed region of
the protein (see Fig 4.4). This region has been shown to become highly
flexible on acld denaturation even though secondary structure is retained

in other parts of the molecule, (Jeng, 1390). The sequences surrounding the

glutaminy| residues are shown in Fig 4.5,

+ L N 4 +
1 K-G-K-K-I-F-V-Q-K~C-A-Q-C-H~-T 15
+ -
5 I-F-V-Q-K-C-A-Q-C-H-T-V-E-K-G 19
+ ¢
s L-F-G-R-K-T-G-Q-A-P-G-F=T-Y-T 50
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Although cytochrome ¢ did not exhibit substrate properties for
transglutaminase under the conditions used in Table 4.1, Butler and Landon,
(1979) tested the substrate properties of ethanol denatured samples of
cytochrome ¢ and found that transglutaminase incorporated between 0.28
and 0.85 mol amine/mol protein. Limited studies on the modified proteins
established that no radioactivity was assoclated with the haem-containing
peptide, which contains glutaminyl residue GIn,,. Denatured protein was
digested with trypsin and the peptides tested for substrate properties. In
this case 0.91 mol amine/mol protein Incorporation was recorded. Again no
labelling of the haem peptide was observed. A consideration of the amino
aclid sequences surrounding the glutaminyl residues within cytochrome c
Indicates that although Gin,, Is surrounded by the types of amino acid
usually assoclated with the substrate sites of transglutaminase (eg Gly, Pro,
and Thr residues) that Gin,, and GIn,, are not. Hence Gin,, is likely to be
the reactive site within cytochrome ¢ In the denatured form and may
account for the significant degree of modification by transglutaminase (le.
0.2 mol amine/mol protein) observed in the native structure. This region Is
thought to become disordered under under mildly denaturing conditions
(Jeng et al., 1990)) and this could account for the almost stoichiometric
modification observed by Butler and Landon (1979) under such conditions.

The reason for the lack of reactivity of ethano! denatured cytochrome
¢ In this report could be due to the fact that the ethanol was dialysed away
prolr to testing the substrate properties of the protein. Substantlal
refolding may have occurred during this time to glve a fully or partially

folded protein with similar substrate properties to the fully folded form.
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(b)

Fiq 4.4. T ART_CYTOC g

(a) Schematic drawing of the trace of the polypeptide in a subunit of cytochrome
¢ from tuna. This protein is known to have a very similar tertiary folded
structure to the protein purified from horse heart. The position of the
glutaminyl residues within the structure are shown using arrows. The diagram

is taken from “Blochemistry"” (Rawn, 1989)

(b) The %-chain of cytochrome c. The diagram is taken from Dickerson, R.E.
(1972). Some of the residues are numbered to guide the reader around the fold
of the polypeptide chain. The protein sequence may be found in Appendix III.



4.3]4. AST PHOSPH A

Phosphoglycerate mutase from yeast is a highly compact protein (Fig 4.6)
which has a highly flexible C-terminal tail of about 10 amino acids, as judged by
X-ray studies (Winn et al.. 1981). Although a glutamine residue is located three
amino ac.lds from the C-terminus it does not appear to be reactive towards
transglutaminase (see table 4.1). While steric features probably preclude
modification of glutaminyl residues elsewhere in the structure, by analogy with
other systems the lysine residues at positions +2 and +3 may render GIn,,,
Incapable of acting as a substrate for transglutaminase. The C-terminal sequence

of phosphoglycerate mutase from yeast (White and Fothergill, 1988) is shown in

Fig 4.7..

230 -P-E~A-A-A-A-G-A-A-A-V-A-N-Q-G-K~K-COOH 246
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(a)
(b)
ig 4.6 STRUCT T4P OGLYCERA UTA

(a) Schematic drawing of the trace of the polypeptide in a subunit of
phosphoglycerate mutase from yeast. A portion of the polypeptide chain has
been removed to reveal the & -carbon positions occupied by bound ligands.
Regions of B-sheet are arrow-like bars and«-helix are tubes. The last fourteen
residues at the carboxyl terminus were not observed in the crystal structure

and are thought to form a flexible tail (see text).

(b) A representation of the tetrameric structure of PGM.



5. HEN EGG WHITE LYSOZYM

Despite the poor substrate properties of lysosyme (see Table 4.1) the
crystal structure (Phillips et al., 1967) shows that Glng, is surface exposed
but surrounded by constrained residues (Fig 4.8). Glutamine Gln,, and
Gln,,, however are external, and highly exposed. It may be slgnificant that
positive charge Is located at position +4 relative to all three glutaminyl
residues within lysozyme. GIn,,, is surrounded by bulky hydrophoblic
residues which would not be expected to confer efficlent substrate
properties to this site. Fig 4.9. compares the amino acld sequences which

surround the unreactive glutaminyl residues of lysozyme.

M r@s-n-r-n-r-?-u-r-u&u-r@ .8

50 s-T{f}v-a-1-L{a -I-N-SA—H-H-C 64

114 [ﬂ»cﬂa-r@v- afa-w-1ff\a-cA 128
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HEN EGG LYSOZYME

16
31
46
61
76
91
106
121

1
LYS VAL PHE
GLY LEU ASP
ALA ALA LYS
ASN THR ASP
ARG TRP TRP
CYS ASN ILE
SER VAL ASN
ASN ALA TRP
ALA TRP

S
GLY ARG CYS

10 15
GLU LEU ALA ALA ALA MET LYS ARG HIS

ASN TYR ARG GLY TYR SER LEU GLY ASN TRP VAL CYS

PHE GLU SER
GLY SER THR
CYS ASP ASN
PRO CYS SER
CYS ALA LYS
VAL ALA TRP
ILE ARG GLY

ASN PHE ASN THR g ALA THR ASN ARG
ASP TYR GLY ILE ILE ASN SER
GLY ARG THR PRO GLY SER ARG ASN LEU
ALA LEU LEU SER SER ASP ILE THR ALA
LYS ILE VAL SER ASP GLY ASP GLY MET
ARG ASN ARG CYS LYS GLY THR ASP VAL
CYS ARG LEU

15
30
45
60
75
90

105
120
138

(a)

\

(a) Amino acid sequence of hen egg white lysosome (Canfield, 1963).

(b) A stereoscopic high resolution model of |lysosome based on the crystal
structure determined by Phillips (1967). The highly exposed glutaminy! residues
are indicated by arrows. The large hydrophobic Trp,,, does not appear to block
GIn,,, and appears to be on a particually exposed C-terminal arm of the protein.
Its lack of reactivity may be due to chemical features within the linear sequence
surrounding this residue. Glutaminy!l residue Gin,, is probably more constrained
in the regions either side of this residue due to the B-sheet interactions within

the main chain at this point.



Although the native protein has poor substrate properties, Yan and woid,
(1984) have reported 1.0 mol amine/mol protein incorporation of dansylcadaverine
into the succinylated and reduced (ie partially denatured) protein. Inspection of
the sequences which surround the glutaminyl side-chains of lysozyme, only GIn,,
contains sequence motifs seen in other transglutaminase substrates le. it Is
surrounded by threonine side-chains. Gln,,, is surrounded by bulky hydrophobic

residues which would not be expected to confer efficlent substrate properties to

this site.

4,316, OTHER POOR PROTEIN SUBSTRATES

A number of other poor substrates of transglutaminase have been crystallized
and structural modeis are available. In most cases no glutaminyl! residues are
sufficiently accessible for modification by transglutaminaseeg. ovalbumin, enolase,
1gG B72.3 [this has been modelled on the basis of the known tertiary fold of a
number of I1gG molecules which have been crystallized (Dr B Smith personal
communication]. In other cases several glutaminy| residues did appear to be highly
exposed, but were unreactive. The best example of this was phosphoglycerate
kinase from yeast. The lack of reactivity was presumed to be due to the presence
of neighbouring positively charged residues and this was investigated in greater

depth by testing the substrate properties of a number of mutant forms of the

enzyme (see chapter 6).
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4.4, GLOBULAR PROTEIN SUBSTRATES WITH SUBSTRATE PROPERTIES FOR
TRANSGLUTAMINASE

4,4,1, INTRODUCTION

Globular protelns which have both substrate properties
for transglutaminase, and have X-ray crystal structures available tend to

have highly exposed glutaminyl residues either within:

a) extended N- or C- terminl,
b) large (probably) flexible surface loops,

¢) have sequences which appear to favour 8-turn structure.

These features are associated with a number of the protein substrates listed

In Table 4.2. The structures of two such proteins are discussed In sectlons

4.4.2, and 4.4.3.

4,4,2, RABBIT MUSCLE ALDOLASE

Aldolase (rabbit muscle) was modified up to a stolchlometry of between
1.0 and 2.0 mol/mol. This Is a comparable figure to that obtained by Brenner
and Wold (1978). Inspection of the X-ray structure determined to 2.7 :
(Sygusch et al,,1987) shows that the enzyme Is folded into a single highly

compact domain structure which Is shown In Fig 4.10. The protein appears
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to favour tetrameric quaternary structure and this Is stabilized by
interactions between the flanking A-helices of the B-barrel. Hence
glutaminyl side-chains at positions Gln,y,, Gln,y,, Gin,,,, Gin,,,, GIn,,g,
GIn,,,, are unlikely to be sufficiently exposed to be modifled. Other
glutamines which appear to be located within highly folded regions include:
GINnygs Glng,, Glng,, Gingg, Glngs, Gingg, GINg gy, GIny,,, GINy,g, Glngg,, GIng,,, and
GlIng,,. The remaining glutaminyl side chalns appear to be highly exposed.

Glutaminyl residues GIn,,, Is located in a flexible twenty two residue
loop, GIn,,, Is located on a smaller eight residue surface loop and Gin,,, Is
located in the electron density deficient C-terminal region of aldolase. The
sequences (Tolan et al., 1984) assoclated with the exposed glutaminyl

residues within rabbit muscle aldolase are shown in Fig 4.11.

et
149 G-V-I.A-I-G FQtH-T-P-8~-A-L 161

119 @a@r-r-r a -e-l.@-e-t.-s 131

329 &V-T-P-s-a QiA-G-A-A-A-8 341
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. d
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109
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(a) D

161

(a) Schematic drawing of the trace of the polypeptide in a subunit of rabbit
skeletal muscle aldolase. Reglions of B-sheet are arrow-like bars and « -helix are
tubes. The numbering represents the first and last residues of the amino acid
sequence corresponding to each region. The approximate location of potentially
reactive glutaminyl residues are indicated by arrows. The carboxyl terminus of
the protein has not been identified unambiguously (Sygusch et al., 1987).

(b) The &-carbon backbone representation of the tetramer.



The sequences of all three of the predicted substrate sites resemble
other known substrates sites of transglutaminase, however since Gln ., Is
likely to be more conformationally constrained than the other residues this

site may be less reactive than the other two.

4.4.3. __BOVIN VER CATALAS

A scaled model of the molecule has been built by Murthy et al., (1981)
and the monomeric structure is shown schematically In Fig 4.12.. The
structure of each subunit can be considered to be composed of four
structural domains. The first comprises of the amino terminal 75 residues
which form an arm extendl‘ng from the globular region of each subunit. The
second domaln begins at Lys,, and extends through to residue 320 (by the
numbering of Murthy et al., 1981) and forrﬁs a compact, elght stranded 8-
barre!, which Is important In haem binding, and similar in topography to 8-
lactoglobulin (see chapter 5). The third domain extends from residue 321 to
420 and forms an outer layer to each subunit. This "wrappling domain" lacks
discernable secondary structure between residues 366 to 420. The fourth
domaln Is composed of four hellces similar in folding topography to helices
E,F,G,H, In haemoglobin (see Appendix I vii).

By comparing the amino acid sequence of catalase (Schroeder et al.,
1982) with the crystal structure, and using the criteria of Chothia (1975),
residues Gln,;, GIn,,, Glng,, Ging,, GIn,, appear to be the most highly
exposed. Glutaminyl residues Gln,sq,, and GIn,,, may also be exposed. A
consideration of the amino acld residues surrounding these residues
indicates that residues Gln,,, Glngg,, GIn,,, and Gln,,, have positively

charged residues at positions within flve residues to the C- terminal side
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of them within the protein sequence (Schroeder et al., 1982). The sequences

surrounding the remaining glutaminyl residues are shown in Fig 4.13.

‘6 AG-P-L-L-V :@V-V—F-T 59
408 F-S-A-P@»mm P-S-A-L-@HAQI

391 M-c-u-u@nwo« G-G-A-P-N-Y-Y 404

4 SEQUEN u UNDING SO HIGHLY XPOSE
\'4 S sitivel rge
| t arged residues a e

The sequences which surround glutarﬁinyl residues Gin,, and
Gln,,, contain features which resemble those in other transglutaminase
substrates. Glutaminy| residue Gln,,, has a neighbouring C-terminal proline
residue and this Is not normally assoclated with favourable substrate
properties. Glutaminyl residue GIn,,, is therefore predicted to be a poorer
substrate relative to the other two. On the basis of further indirect

evidence the substrate sites within bovine liver catalase were further

characterized by peptide mapping, see section 8.2..
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4 \'4 ALAS

Schematic drawing of the trace of the polypeptide in a subunit of bovine
Iiver catalase. Regions of B3-sheet are arrow-like bars and X-helix are tubes. The
location of exposed. The approximate location of surface exposed (and therefore
potentially reactive) glutaminyl residues are indicated with arrows. The protein
has been crystallized as tetramer (Eventoff et al., 1976) but under the conditions
of labelling is likely to resemble the monomer (see text). The diagram of the

monomer is from Murthy et al., 1981)



4.4. THE DIRECT DETERMINATION OF REACTIVE GLUTAMINYL RESIDUES

WITHIN GLOBULAR PROTEINS

The poor substrate properties of the globular substrates tested could
generally be explained on the basis of the apparent determinants of
specificity of transglutaminase discussed in sectlon 1.7., particularly that
associated with C-terminal positive charge. In order to further test this
hypothesis some of the protein substrates listed Iin Table 4.2 were
further characterized by the determination of thé location of reactive
and non-reactive glutaminyl résldues within their structures. This was
done In the case of: bovine B-lactoglobulin (see chapter 5), the yeast
phosphoglycerate kinase (PGK) Hisyy = Glny, mutant protein (see chapter
6), m—succlnylated (native) bovine B-casein (see chapter 7), and
porcine pepsin (see chapter 8).

The position of the reactlve glutaminyl residues within B-lactoglobulin
(see section 5.3.) were correctly predicted on the basis of comparisons
with other known substrate sites (see section 1.7.) In a preliminary
communication (Coussons et al., 1990), prior to their direct determination,

[Coussons et al., (1991); submitted for publication].
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CHAPTER FIVE: AN INVESTIGATION OF THE SUBSTRATE PROPERTIES OF 8-

oG ULIN (BOVIN OR GUIN IG LIVER TRANSGLUTAMINA

buUcC

’The substrate properties of B-lactoglobulin for transglutaminase were
investigated and the specificlity of transglutaminase was assessed on the
basis of its selectivity towards glutaminyl residues within this protein.
Bovine B-lactoglobulin exists as two major isoforms. These A and B variants
have identical amino acid sequences except for a Val“—) Alag,, and an Asp,3,
=3 Gly,,, mutation In isoform B (reviewed by Lyster, 1972). In the
experiments described, no detectable differences were observed between the

behaviour of the A and B forms or the mixture, the data presented refers

to the mixture.

METHODS

The buffers used for the modification of B-lactoglobulin by transglutaminase
and that used for recording the c.d. spectrum of the protein were slightly
different In composition. The modification buffer contained a more
concentrated (0.1 M) triethanolamine buffer (together with standard reaction
mixture components, see section 2.2.3.2.), while spectra were recorded in
either 20 mM triethanolamine or 20 mM Tris-MES buffers. This was necessary
due to the high absorbance of the buffer used for modification below 210
nm and the requirement for buffering capacity over the range from pH 5.5
to pH 9.0. The concentration of B-lactoglobulin was determined
spectrophotometrically at 278 nm using an abwqab'o'n coe_((:c.'ml: of 0.96 ml.

mg.”'. cm™! (Kella and Kinsella, 1988).
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C.D. measurements were performed twice and traces are the average of two

scans. Labelling experiments were performed at least twice In duplicate.
S SION
UTION S URE OF BOV -LAC ULIN

B-lactoglobulin appeared to retain a considerable amount of structure
at pH values up to 8.0 even in the presence of DTT. Analysis of the far u.v.
spectrum obtained at pH 7.6 (Fig 5.1a) from 240 nm to 190 nm, according to
the CONTIN procedure (Provencher and Gléckner, 1981) [see section 2.2.8.3.]
gave the following estimates of secondary structure; 17 % (+/- 1.1 ¥)X -
helix , 45 % (+/- 1.5 %) B-sheet, 38 % (+/- 1.8 %) remainder. These values are
similar to those of an earlier c.d. study [17 ¥ X-helix and 41 % B-sheet
(Takeda and Moriyama, 1989)]. The results of X-ray crystallography (Papiz
et al,, 1986) indicates that there are 11 and 83 out of the total of 162 amino
acids InX-helix and B-sheet respectively (ie. 7 % and 51 % respectively). It
is of Interest that using the method of Siegel et al., (1980) which analyses
the c.d. spectrum over a smaller range of wavelengths (240 to 210 nm), the
oK-hellx content Is estimated to be 11 (+/- 2 %), which is closer to the value
obtalned by X-ray crystallography.
The far u.v. c.d. spectra of bovine B-lactoglobulin at pH values of 5.5,
7.6, and 9.0 In 20 mM MES plus 20 mM Tris buffer are shown In Fig 5.1a.
There are no significant differences between the spectra obtained Iin the
two different buffers at pH 7.6. There are small differences In the spectra
obtained at pH 5.5 and pH 7.6, which reflect a smal‘l decrease in X-helix
content (Slegel et al,, 1980) from 13 ¥ at pH 5.5 to 11 % at pH 7.6. TheX-

hellx content at pH 9.0 is 10 %. The structural changes occurring between
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pH 5.5 and 7.6 correspond to the well documented Tanford transition
(Lyster, 1972).

In the near u.v. (Fig 5.1¢) the c.d. spectra show signals in the 280 to
300 nm region characteristic of Trp and Tyr side chains. The diminution In
signal between pH 5.5 and 7.6 reflect changes In the secondary structure
which affect the environment of aromatic side chains. The Tanford transition
has been previously proposed to involve changes in the environment of one
Tyr side chaln (Lyster, 1972). When bovine B-lactoglobulin was incubated
at pH 5.5 and pH 7.6 for 24 hr at 25°C there were no significant changes in
either the near or far u.v. spectrum. At pH 9.0 the amplitude of the near
u.v. spectrum decreased approximately by 20 ¥ over this time, suggesting
some loss of native tertlary structure. In'stabllity of the protein above pH
8.0 has been previously commented on (Lyster, 1972).

The spectra of B-lactoglobulin In the presence of 1.0 mM DTT were
obtained over the same pH range. The far u.v. spectra Indicated that
immediately after addition of reducing agent there are only small changes
in the secondary structure of the protein (data not shown). In the near
u.v., the amplitude of the spectrum at pH 5.5 Is about 20 % less than In the
absence of DTT. This effect did not occur at pH 7.6 or pH 9.0. However at
pH 9.0 there are considerable time dependent structural changes observed

In both the far and near u.v. spectra (Figs 5.1d and 5.1e). Such effects

were not observed at the lower pH values tested.
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Spectra were recorded at 25 ‘C at a protein concentration of 0.9 mg/mi in cells
of pathlength of 0.02 cm (far u.v.) or 0.5 c¢m (near u.v.).

(a) Far u.v. spectrum In 20 mM triethanolamine-HCl buffer, pH 7.6.
(b) Far u.v. spectra in 50 mM tris buffers. (-.~) . bH 5.5; (=) , pH 7.5 ;

(=+. =), PH 9.0. These traces were not affected by the presen

ce of 50 mM
' MES In the Incubation mixture.
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(c) Near u.v. spectra In the same buffers as (b). The spectrum at pH 7.6 is
Identical to that recorded in 20 mM Triethanolamine~HC! buffer at this pH.

(d) Far u.v. spectra In 50 mM MES plus 50 mM Tris buffer , pH 9.0, in the
presence of 1 mM dithiothreltol. (— ).

(-.=-)and ( -.. - ) refer to spectra recorded after incubation for 1 min , 4
hours and 24 hours respectively.

(e) Near u,v. spectra recorded under the same conditions as in (d).



52,2, THE TRANSGLUTAMINASE-CATALYSED MODIFICATION OF @8-
ACTOGLOBU

The time course of Incorporation of putrescine into B-lactoglobulin
over a range of pH Is shown In Fig 5.2. The maximum incorporation observed
was 3.0 mol putrescine/mol B8-lactoglobulin monomer at pH 9.0. Approximately
2".0 mol putrescine/mol protein monomer was Incorporated at pH 7.6 le. the
pH at which the crystal structure (Papiz et al,, 1986) was determined. When
dansylcadaverine was substituted for putrescine In incubation mixtures only
1.2 mol dansylcadaverine/mol protein monomer was incorporated after 20 hr.
This probably reflects steric blocking of a second reactive site by the
bulky dansyl group of dansylcadaverine, following covalent attachment _of
the first molecule to a more reactive site. Labelling was only observed in
the presence of transglutaminase and Ca?*'. The presence of DTT was
required for protein modification, since in its absence the stoichiometry of
labelling was reduced to < 0.2 mol amine/mol (see Fig 5.3).

Bovine B-lactoglobulin has been shown to exist in solution as an
equilibrium mixture of different conformations and quaternary structures.
The effect of pH on bovine B-lactoglobulin structure has been studied
(McKenzle and Sawyer, 1967). Above pH 8.0 the predominant form Is thought
to be the monomer. This form may be unstable at high pH and prone to
denaturation. This process may expose further site(s) for transglutaminase
catalysed modification, which is/are not normally accesslble at pH 7.6. This
may explain the Increase In maximum observed labelling stolchiometry to 3.0
mol putrescine/mol protein monomer at pH 9.0. From SDS-PAGE analysis
(Laemmll, 1970) of the modified protelin on 10% acrylamide gels, the was no

evidence of transglutaminase catalysed cross-linking of B-lactoglobulin.
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B-LACTOGLOBULIN

Protein concentration was 2.0 mg/ml and reaction was carried out at 20°C. DTT
(1.0 mM) was included in the reaction mixture. No labelling of B-lactoglobulin was
observed In the absence of transgiutaminase. The buffer system is described In
the text.
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The time course Is shown of the transglutaminase-catalysed incorporation of
['4C] putrescine Into a mixture of the A and B forms of bovine B-lactoglobulin.
The reaction was carried out at 25°C In 0.1 M Triethanolamine-HCI| buffer at pH
7.6 as described In the methods section. Open and closed symbols refer to
reactions carried out in the absence and presence of 1 mM DTT respectively.



5.2.3. pH DEPENDENT STRUCTURAL TRANSITIONS IN B8-LACTOGLOBULIN DO NOT

Cc S ROPE

The labelling sites within bovine B-lactoglobulin were determined at pH 7.6
ie. that at which the crystal structure was determined (Papiz et al., 1986). The pH
range covered Included those around which bovine B~lactoglobulin undergoes the
Tanford transition (Lyster 1972). The conformational change associated with this
transition did not appear to directly affect the substrate properties of @3-
lactoglobulin, since when the initial rate of amine Incorporation into the protein
at each pH was divided by the initial rate of labelling of the synthetic peptide
CBZ-GIn-Gly, the Increase in the initial rate of labelling due to pH dependent
conformational change In bovine B8-lactoglobulin was seen to increase continuously
over the pH range examined, (see Fig 5.4). If the conformational change associated
with the Tanford transition had directly affected the reactivity of glutaminy!
residues within the protein then the ratio of initial rate of protein

modificatlon/initial rate of CBZ-GIn-Gly modification would be expected to change

in a non-linear way as the pH approached 7.6.
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The Initial rates of putrescine incorporation into B-lactoglobulin were calculated
from Incorporation curves such as that shown in Fig 5.5 and these values were
divided by the rate of hydroxylamine incorporation into CBZ-GIn-Gly using the
method described in section 2.2.3.1. over the same time period. Since the pH Is
not expected to affect the conformation of CBZ-GIn-Gly or the charged state of
the major charged amino acld side chains then any change in the ratio of the
rate of reaction of transglutaminase towards these substrates is taken to be due
to conformational change within B-lactoglobulin. Reactions were carried out with
a lactoglobulin concentration of 2.0 mg/ml at 25°C over a pH range from pH 5.5

to pH 9.0.



5.3. IDENTIFICAT F_REACTIVE G AMIN SI GLUTAMINA
WITHIN BOVINE B-LACTOGLOBULIN

3 OF D SITES WITHI IMA UCTU

B-lactoglobulin which had been reacted for 20 hr in the presence of 1 mM
DTT at pH 7.6 with either with dansylcadaverine, or putrescine was recovered by
gel filtration and subjected to reduction, carboxymethylation and tryptic digestion
(see section 2.2.5.). Modified peptides were purified by HPLC and detected by their
fluorescenceor radioactivity (see section 2.2.3.). The HPLC profiles of the products
of digestion of both unmodified and dansylated B-lactoglobulin are shown in Figs
5.5 a) and b). The modified peptides which corresponded to the two fluorescent
peaks at 42 % and 48 % solvent B (isopropanol) were collected and
rechromatographed asdescribedelsewhere(2.2.5.5.). Thesequencesofthemodified
peptides are shown in Fig 5.6. Portions of the PTH derivatives obtained at each
cycle were analyzed for radioactivity or fluorescence (Coussons et. al., 1991) in

order to confirm that any unlidentified derivative corresponded to a site of

incorporation of putrescine or dansylcadaverine.
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solvent A consisted of aqueous o.4% triethylamine, adjusted to pH 2.5 with
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(excitation and emlisslon wavelengths 320 and 520 nm respectively). The relative
amounts of P1 and P2, as judged by measurements of A,,, were 1.4 : 1.0. Samples
were further purified as described in section 2.2.5.5., and sequenced as

described In section 2.2.6..
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BEPTIDE 1 L-8-F-N-P-T-Q-L-E-E~Xaa-C -H-I
L -
PEPYTIDE 2 L-S-F-N-P-T-xaa-L-E-E-Xaa-cx-H-I

Fig 5.6. THE SEQUENCE OF TRYPTIC PEPTIDES DERIVED FROM ENZYMATICALLY

MODIFIED B-LACTOGLOBULIN [,= suLPHONIC ACID DERIVATIVE OF CYSTEINE RESIDUES: Xaa = N—(

The labelled peptides correspond to the sequence Leu,,, through to Ile,,,
of bovine B-lactoglobulin (Braunitzer et al., 1973). There was a gap in the sequence
(Xaa) corresponding to Gin, 4, in peptide 1, and Gin, ;5 and GIn,,q in peptide 2. The
['*C)-putrescine modified glutaminyl residue were located at the same positions as
the dansylated derivatives within the structure of B-lactoglobulin. However more
peptide 2 than peptide 1 was recovered from digests of protein which had been
modified with putrescine. This was probably due to: 1) the preferential modification
of GIn,,, by transglutaminase, and 2) the relatively lower degree of steric
hindrance caused by the attachment of putrescine compared to that caused by the
attachment of the larger dansylcadaverine molecule. It may also be the case that
the attachment of two molecules of dansylcadaverine reduced the efficiency of
proteolysis of B-lactoglobulin and this also could contribute to lower recoveries of
peptide 2.

In consideration of the differences in labelling stoichiometries observed

when putrescine and dansylcadaverine are used as substrates, Gln,,, appears to

130



be slightly less reactive than GIn .. The further site(s) which became available
when incubation was conducted at pH 9.0 was/were not identified. The identity of
this site Is discussed on the basis of what is known about the relationship between

B-lactoglobulin structure and the specificity of transglutaminase in section 5.3.3..

.3.2. LOCATION OF MODIFIED SITES WITHIN T STRUCTU =
LACTOGLOBULIN

A detailed examination of the X-ray model of bovine B-lactoglobulin (see Fig
5.7) shows each subunit consists of an antiparallel parallel sheet formed by nine
strands wrapped round to form a flattened cone or calyx, with a core consisting of
an eight stranded B-barrel (Papiz et al., 1986). There are two disulphide bonds
(Cysgg = CYSos) 8ND (CyS,4q - C¥S,,,) With a free thiol group (Cys,,,).

Four of thenine glutaminyl residues presentin B-lactoglobulin, [GIn,,, GIng,,
Glngg, and Gin, 4] do not have their side-chains significantly exposed to solvent and
are therefore unlikely to have substrate properties for transglutaminase when 8-
lactoglobulin Is in its native state. The side chains of GIn 4 (N-terminal arm), Glng,,
and Gln,,,, appear to be exposed and hence their lack of substrate properties
needs to be explained. The electron density about residues Glngg, GIn, g5, and Gin, 4,
is not well defined and hence the local secondary structure associated with these
side chains is not known. It is therefore assumed that these sites do have high
exposure and conslderable local flexibility.

In the presence of DTT one or more of the disulphide bonds are likely to be
broken and this would lead toexposure of more sites for transglutaminase reaction.

Since the sites of modification at pH 7.6 are confined to GIn s, and Gln 4, and since
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Fig 5.7. THE STRUCTURE OF BOVINE B-LACTOGLOBULIN

Schematic drawing of the trace of the pclypeptide in a subunit of bovine B-
lactoglobulin (Papiz et. al., 1986). Regions of B-sheet (labelled A to I) are arrow-
like bars and &-regions of helix are tubes. At pH 7.6 a significant proportion of
the protein is in the monomeric form which is thought to resemble the structure
shown above. The position of exposed glutaminy! residues within the structure
are indicated by arrows. The disulphide bonds are shown ad S-S structures and

the free sulphydryl group is indicated (-SH).



the presence of DTT does not appear to have much effect on the overall
secondary and tertlary structure of B-lactoglobulin, It seems reasonable to
postulate that only Cys,, - Cys,,, disulphide bond s cleaved. This would
lead to the exposure of the C-terminal loop (from residues 151 to 162) so
that Gin,s and Gin,,, are available for modification. The c¢.d. data show
that at high pH and in the presence of DTT that there are considerable time
dependent structural changes in B-lactoglobulin and it is thus likely that
the second disulphide bridge (Cys,,, - Cys,,,) is cleaved. Since this bond
connects strands G and H in the B-barrel, its cleavage may cause the
observed loss of tertiary structure under these condltions. The proposed
sequence of cleavage of disulphide bonds could be confirmed by the
"trapping” procedure of Creighton (1978). This involves the rapid reaction
of free cysteine groups with [*C] lodoacetate and subsequent identification
of the reactive groups by analysis of peptide fragments. It is interesting
to note that the incubation of lyso5yme with DTT leads to the selective
cleaveage of one disulphide bond, permitting conjugation of the protein to

ubiquitin (Dunten et. al., 1991), a situation analogous to that proposed for

B-lactoglobulin.

5.4.3 P TY OF GUINEA PIG LIV ANSGLUTAMINASE TOWAR

A IDUES WITHIN 8- ACTOGLOB

The glutamine containing sequences of B-lactoglobulin are aligned in Table
5.1.. Since there Is no evidence for the labelling of any residues apart from

GIn,ss and GIn,g, at pH 7.6, it Is Interesting to observe that of the
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unlabelled GIn residues all but one of them have positively charged residues

on their C-terminal sides only GIn,,, does not have this motif.

able lianment of the sequences surroundin lutaminy!

esidues bovine B-lactoglobul

D S S - o o D D R W T e = e e e T - S % e - -

RESIDUE AMINO ACID SEQUENCE RESIDUE
1 NHﬂg-I-v-T ?~T-M£yo—|. ]
? Ra-LEr11ayRv-A-G-T 17

30 8-L-L{D-A{al8-A-P-L{R\ “

54 LEr1-L-t -oﬁ_—w-@-n-c 64

63 N-G-E-c-A1QkK-I-T-A 73

110 s-aE-P-Elats-L-A-c-q 124

120 Q-8-L-A-C{Q1C-L-V{R-T 132

150 8-F-N-P-T1atLEYE-Q-C 162

154 T-a-L{EXEratc-H{T} coon 162

- S R A kO 4B 0 T T 4 Y e SO D e e e S AR S = T S . - o A S T 0 M A .

Positively charged residues are in triangles and negatively charged residues are in circles

Positive charge has previously been suggested as a possible Inhibitory
feature about exposed, but unreactive surface glutamines (Coussons et al,
1991). On this basis it Is tentatively predicted that the third labelling site
exposed at pH 9.0 Is GIn,,,, which has similarities with a number of other
known labelling sites including those reported here, within bovine 8-
lactoglobulin itself. This site has also been predicted as a possible substrate

site on the basls of the cleavage of (Cys,,s - CySyg) by DTT at high pH

(see section 5.3.2.).
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From circular dichroism studies the total amount of X-hellx within
bovine B-lactoglobulin increases in the presence of DTT. This is indicative
of the formation of novel regions of secondary structure following
disulphide reduction. Since the labelling studies suggest that the disulphide
bridge at the C-terminus of bovine B-lactoglobulin is the most affected by
the presence of reducing agents at pH 7.5, and the c.d. spectra suggest a
general retention of the tertiary structure within bovine B-lactoglobulin
it seems possible that in the absence of the restraint imposed on the local
secondary structure of the C-terminus by the disulphide bond that this
reglon may refold into ag(—helical conformation. A secondary structural
prediction of a number of B-lactoglobulins was carried out by Dr. L Sawyer
using the programme PREDICT (see section 9.2.3.). This indicated that the
C-terminal region has high™X-helical potential thch extends from Ser,,,
through to Ile,,, which contains both of the substrate glutamines
determined within this protein. The region from Met,,, - Ser,,;, Is high in
B-turn potential, which if true would be expected to give an "arm” like
structure with a flexible "elbow" within the N-terminal region in the
partially reduced protein. This is reminiscent of the N-terminal substrate
sites within the B-crystallins, lipocortin I, and porcine phospholipase A2

(see section 1.7.) and the putative C-terminal site within aldolase from

rabbit muscle, (see section 4.4.2.).
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CHAPTER SIX: AN INVESTIGATION OF THE SUBSTRATE PROPERTIES OF WILD

IYPE AND MUTANT PHOSPHOGLYCERATE KINASES (YEAST) TOWARDS

[RANSGLUTAMINASE

6.1, INTRODUCTION

Phosphoglycerate kinase (PGK), Is a ubiquitous glycolytic enzyme
which Is one of the best structurally characterized proteins known. The
substrate properties of the wild type protein purified from yeast were
investigated together with a number of mutant proteins where a single side
chains was substituted for another using the technique of site directed
mutagenesis. The mutants included; 1) a species where His;,, was mutated
t0 Glngyg, 2) one In which Arg g, was mutated to a Lys,q, residue, and,

3) one in which Arg,, residue was mutated to a Met,,, residue.

METHODS AND MATERIALS

The purified proteins were a kind gift of Dr C.M. Johnson, Department of
Chemistry, University of Glasgow. These were produced using plasmids
which had been prepared by Dr L. Gilmore, Department of Biochemistry,
University of Edinburgh, and Dr H.C. Watson, Department of Blochemistry,
University of Bristol. The enzyme activity of PGK was determined at 25°C
using the coupled assay conditions described in Appendix II to this thesis.
The concentrations of wild type and mutant proteins were determined
spectrophotometrically by using an A,,, for a 1.0 mg/ml solution of 0.49

(Spragg et al., 1976). Circular dichromism studies were conducted on

samples as described In section 5.1..
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6.2. RESULTS AND DISCUSSION

2 OLUTION STRUCTURE OF WILD TYPE AND MUTA NZYMES

The near and far c.d. spectra of the wild type and His;s™7 Glng,,
mutant PGK enzymes are shown In Fig 6.1. The far u.v. spectra are Identical
cénﬂrmlng that they have similar overall secondary structure. Using the
CONTIN analysis, (Provencher and Gléckner, 1981) of these spectra over the
range 190 - 240 nm, the proportions of amino acids Ino¢~helix and B-sheet
structures can be evaluated. The results are 31 ¥ (+/-1 %)ol-helix for both
enzymes and 33 ¥ (+/- 1 %) and 34 % (+/-1 %) B-sheet for wild type and
mutant enzymes respectively. Similar values were obtained for 'ghe other
mutant proteins tested.

A comparison of the secondary structure predicted from a c.d. analysis
of PGK with that calculated from the the X-ray crystal structure (Fig 6.2.)
of yeast PGK (watson et al,, 1982), shows that the estimation of of-hellx Is
In good agreement (X-ray structure contalns 35 %o{~helix). However the
percentage B-sheet Is considerably greater than that deduced from the X-
ray data, (13%). This discrepancy may partly arise from the contribution
from B-turns (12 % in the X-ray structure). Since the B-structure makes
only a relatively small contribution to the c.d. spectra Its estimation Is
prone to greater error than that of }-helix.

The near u.v. clrcular dichroism spectra (shown In Fig 6.1a) confirms
that the two enzymes possess very similar tertiary structures, although the
dichroism of the mutant enzyme Is slightly smaller than the wild type. It
appears likely that the mutation in the hinge region and the consequent
breakage of the putative electrostatic attraction between His,yg, and Glu,,,

causes a small structural perturbation which is detected by neighbouring

136



S (@)
£
i)
£
o
o
o (o)
| ..
@]
)
S
mM
D
d
-2;1d —1 I 1
190 210 230 250
wavelength (nmy
75 : —
2 (b)
O
E ’/"\\
© 50 /, Sel TN -
‘é f” = \
‘.) I’ \\
v l’ \\
Q A
Q \
— y \
S 25| / \
S 25¢ 2 .
= \
- N\
(03] N
| - ) \‘\
\\
(0] - 1 T
260 280 300 320

wavelength (nm)

Fig 6,1, C.D, OF YEAST PHOSPHOGLYCERATE KINASE

Spectra were recorded at 20 ‘C in 25 mM sodium phosphate buffer, pH 7.5.

(a) Far u.v, spectra : (b) near u.v. spectra.
(=) and (- - - ) represent wild type and Hisgza=>Gln,,, mutant enzymes

respectively. The concentrations of enzymes were 0.5 mg/ml and 0.9 mg/ml In (a)
and (b) respectively.



Fig 6.2. TRUCTURE_OF ST _PGK

Schematic drawing of the trace of the polypeptide in a subunit of PGK wild type
from yeast. Regions of B-sheet are arrow-like bars and ®-helix are tubes. The
numbering represents the first and last residues of the amino acid sequence
corresponding to each region.The nucleotide substrate is shown in space filling
mode. The histidine residues located in the basic patch region are in the upper
circle. Hisga, and the residue to which it is H-bonded (Glu,,,) are shown in the
lower circle. In the mutant protein tested His;sq has been converted to a
glutaminyl residue. The surface loop which corresponds to the nose region is
indicated by an arrow. The diagram is from Graham et al., 1991).



side-chains. Inspection of X-ray structure of PGK (Watson et al.,, 1982)
shows that, side chains of Tyr,,, and Phe,,, are within a sphere of 0.75 nm
radius from the «(-carbon atom of His,g, and that, the side chain of Trp,,,
is within a sphere of 1.0 nm radius. Such a small perturbation would be
consistent with the reduced specific activity of the mutant enzyme, which
under the conditions used was 21 % of the value of the wild type enzyme

[a value similar to that previously reported, (Wilson et al,, 1987)1.

ME _CATALYSED IFICATION GK_(HIS; ;7 GLN..5)

MUTANT BY GUINEA PIG LIVER TRANSGLUTAMINASE

The time course of the incorporation of amines into wild type PGK and
a number of mutants are shown in Fig 6.3. No incorporation was observed
when elther transglutaminase or calcium were omitted from the incubation
mixture. The reaction was not dependent on the presence of DTT and this
Is reasonable given the lack of disulphide bridges In all of the PGK variants
tested. The wild type enzyme proved to be a poor substrate for
transglutaminase. Less than 0.1 mol putrescine/mol Incorporation was
observed after 6 hr rising to 0.2 mol putrescine/mol after 24 hr incubation.
It Is possible that this incorporation was due to partial unfolding of the
enzyme, since there was a corresponding slow decline in the specific
activity of the enzyme under these conditions, both in the presence and In
the absence of transglutaminase. Over this period there was no significant

change In the near u.v. spectra of the wild type enzyme (see Fig 6.1b).
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Transglutaminase was used to incorporate [14C] putrescine into wild type PGK
and a number of mutant forms. Reaction conditions are described In the methods

section.

(A) and (Q) represent data for the wild type and the Hisygz— Gln,g, mutant
enzymes respectively. In control experiments where transglutaminase was
omitted from the incubation mixture there was 0.02 mol amine/mol PGK
incorporated after 24 hr. No significant incorporation was observed in

the other mutant forms of PGK.



When the His,;3> Gln,g, mutant enzyme Is used as substrate for the
transglutaminase catalysed reaction there is rapid Incorporation of [14C]
putrescine to a stoichiometry of 1.1 mol putrescine/mol protein after 6 hr
and to about 1.3 mol putrescine/mol protein after 24 hr. Like the wild type
there Is a small decline in specific activity over this time period but this
occurs both in the presence and absence of transglutaminase catalysed
Iébelling and therefore is not a consequence of the labelling reaction (see
Fig 6.%:). No slgnificant incorporation was noted In the other mutant PGK
enzymes tested.

The incorporation of monodansylcadaverine into PGK was recorded
after 20 hr reaction time after removal of excess amine by gel filtration (see
section [2.2.2.3.(b)]. The extent of incorporation into the wild type and
Hisggq mutant enzyme were 0.3 and 1.26 mol dansylcadaverine/mol protein
respectively, le. very similar to the stoichiometries recorded with
putrescine. The other mutants tested showed low degrees of incorporation
comparable with the wild type. Transglutaminase catalysed dansylation of
the PGK His,y;™ GIng,, mutant did not appear to reduce the specific
actlvities of either protein. to an extent greater than that observed in the
controls.

SDS-PAGE of unmodified and modified (by either dansylcadaverine or
putrescine) proteins showed that there was no detectable breakdown of
polypeptide chain or formation of higher aggregates during Incubation for
20 hr, le. that there were no detectable protelnases in the preparations and

that cross-linking reactions were not favoured under the conditions used.
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(0) and (A) represent the data for the wild type and His,;3— Glngge mutant
enzymes respectively. The corresponding closed symbols represent control
mixture from which transglutaminase was omitted. The initial specific activities

employed were 436 and 93/J-mol/mln/mg for wild type and mutant enzymes
respectively.



6.2,3. LOCATION OF THE SITE OF MODIFICATION FOR TRANSGLUTAMINASE

WITHIN THE PGK (HIS ;=== GLN ,..) MUTA UCTU
6,2.3. ATION OF THE MODIFIED SITE WITHIN THE PRIMARY STRUCTU

Dansylated PGK (1.0 mg/ml) was digested Iin 1% ammonium bicarbonate
with 1:40 w/w TPCK treated bovine pancreatic trypsin for 4.0 h and a
modified peptide was identified and purified by HPLC using a gradient of
isopropanol in water (TEA 1% v/v) as described in section 2.2.5.5.. Labelled
peptide was distinguished from free dansylcadaverine, which was observed
to be eluted at 20 % solvent B by the use of a dansylcadaverine standard.
The HPLC broflles are shown In Fig 6.5. A comparison of the maps generated
for the modified His;,, mutant enzyme shows that there is a distinct peak
(labelled "P") containing the bulk of the fluorescence which eluted at a
position corresponding to 45 % solvent B. This peak was not present In the
tryptic digest of the unmodified protein and tﬁis suggested that this
peptide represented the major site of labelling. A small peak was observed
at 20 ¥ B probably reflecting a small amount of dansylcadaverine which is
non-specifically bound even after prolonged dialysis. It should be noted
that the HPLC profile of the digest of the unmodified enzyme displayed less
well resolved peaks in the region corresponding to 35 - 40% solvent B than
did the unmodified protein. This suggests that the presence of the large
hydrophoblc dansylcadaverine moiety may inhibit the action of trypsin on
nelghbouring peptide bonds (this phenomenon has been discussed in section
5.3.1.).

The materlal corresponding to peak "P" was further purified by HPLC

on an Aquabore butyl column using an Increasing gradient of acetonitrile
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Fig 6.5, (a) PURIFICATION BY H.P.L.C, OF PEPTIDES PRODUCED BY TRYPTIC

The modification of the Hisygz GlNgee mutant of PGK was performed as
described In the experimental section. Both traces (a) and (b) refer to
separations of peptides on a vydac C-18 column for dansylcadaverine modified
and unmodified protein respectively. In each case approximately 0.2 mg of
digestedprotein was applied. Solvent A conslisted of aqueous 0.4% triethylamine,
adjusted to pH 2.5 with orthophosphoric acid. Solvent B was solvent A containing
60% (v/v) propan-2-ol. In (a) the rectangles show the speci(ic. floc ~escence of
the fractions (excitation and emmislon wavelengths 320 and 520 nm respectively).



(b) % /Solvent B

20T ] 60
7/
/
4
7/
7/
/
7
/7
/
/7
4 440
/7 .
/7
/
i /
/
7/
210 |- y
< L
/
7
// -120
I 4
AL
] ]
30 60
Time (h)

Flg 6.5. (b) PURIFICATION BY H.P.L.C, OF PEPTIDES PRODUCED BY TRYPTIC
DIGESTION OF PGK

The HPLC profile of the tryptic peptides of unmodified PGK is shown above. See
Fig6.5(a) for further detalls.
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The axis perpendicular to the hatched plane represents

absorbance. The peptide shows significant absorbance at 330 nm which Is typical

The major fleorescent peak seen in Fig 6.5 (a) was rechromatographed on an
of that of the dansyl group of dansylcadaverine.

aquabore column (see text) and the output from the diode array detector is

shown above.



In water (TFA 1% v/v). The main peak, corresponding to 32 % solvent B
accounted for 90 % of the applied materlal, as judged by its absorbance at
220 nm. Diode array detection Indicated that the pure peptide had an
absorbance maxima at 330 nm (see Fig 6.5¢) and this material showed the
characteristic fluorescence of the dansyl moiety, when spotted on polyamide
plates and examined under u.v. light. The amino acid sequence of the main

peak material is shown In Flg 6.6

— - +
386  I-S-Xaa-V-S-T-G-G-G-A-S-LHB-L-L-E-G/ 403

Fig 6.6. TRYPTIC FRAGMENT P1: LABELLED PEPTIDE OF HIS ;7-=> GLN ...

G ST) [-Xaa- = N-£ (¥~

The repetitive yield for each sequenator cycle was > 85 %. This
sequence corresponds to the unique sequence of amino acids Ile,,, through
1o Lys,y; [n the published amino acid sequence of yeast PGK determined
from the protein (Perkins et al,, 1983), and from the gene (Hitzeman et al,,
1982). The unknown amino acld (Xaa) in the sequence corresponds to Gin,,,
In the mutant enzyme, and this produced a charactaristic gap in the
sequence (see also section 5.3.1.). The PTH derivatives produced during
sequencing were freeze dried and a portion of each applied to a polyamide

plate; the sample which corresponded to Glng,, within the sequence showed
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the characteristic pale green fluorescence of the dansy! group when excited
with near u.v. radiation.

As a final check that the dansylcadaverine moiety had been
incorporated into the peptide in the mutant enzyme, the material P1 was
analyzed by fast atom bombardment (FAB) mass spectrometry. This showed
that the parent ion had a Mr of 2062 Da as predicted from the sequence of
é&nlno aclds In the peptide containing the monodansylcadaverine derivative

of glutamine, see Fig 6.7. The F.A.B. mass spectrometry experiments were

done by Mr T. Gibson (Xenova Ltd.).

6.2.3.2, LOCATION OF GLN.,, WITHIN THE TERTIARY STRUCTURE OF PGK

The c.d. analysls of the His;;z=> Gln,,, mutant (Fig 6.1 a,b.) showed
that it was very similar In overall tertiary structure to the wild type for
which the X-ray structure is available, (Watson et al., 1982). The mutation
Is considered to lle within the so called "hinge" region. This part of the
protein lies within a connecting region between the two globular domains
of PGK and may affect the catalytic movement of these domains relative to
one another. The c.d. spectra confirm that the mutation may cause a small
structural perturbation. In the structure of PGK. The mutation Is reported
to have an overall “loosening” effect on the tertiary structure of the
mutant proteln relative to the wild type (Graham et al., (1991). It appears
possible that as a result of the breaking of the Hisgz,=— Glu,g, salt bridge,
a stretch of the polypeptide chaln may loop out Increasing access of Glng,,

to the active site of transglutaminase.
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Fiqg 6 B MASS SPECTROM (0] DE P

The purified fluorescent peptide (see Fig 6.5.) was subjected to fast atom
bombardment mass spectrometry. The trace is shown above and indicates that
the modified peptide has a molecular weight of 2052 D. This is the same molecular
welght calculated for the dansylcadaverine derivative of the peptide sequence

determined from the Edman degradation of peptide P.



The modified site in PGK has some sequence (Korn, 1982) similarity
with the region which surrounds the reactive Gln,, (Takashi, 1988) of rabbit
muscle actin. This region forms an externally located fourteen residue loop
structure in the actin monomer (Kabsch et al., 1990), which has also been
shown to have substrate properties (Takashi, 1988). It is tempting to

speculate on the basis of its similar substrate properties that the mutation

of Hiszgg to Glngg, causes the formation of a loop structure which resembles

that observed in the X-ray structure of actin. The amino acid sequences

surrounding these modification sites are compared In Fig 6.8.

1) 34

?}H QFGEV-M-VIGIM-G 47
/ f

2) 381 L1-s-q ‘Y}S—TiEJGTGY 394
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Fig 6.8. A COMPARISON OF LABELLING SITES IN: 1) ACTIN, 2) PGK (GLN 45,)

MUTANT [a gap has been artificially introduced into the PGK sequence to
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increase the quality of allqnment],. residues in_eqivalent positions in both
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6.3. THE SPECIFICITY OF TRANSGLUTAMINASE TOWARDS PGK

Only minor levels of amine were Incorporated by transglutaminase into
wild type PGK and the Arg, ;37 Met,,,, and Arg,s;> Lys,s mutants. These
‘proteins were also judged by circular dichroism to @ have very similar
overall structures to the His,;z~2 GIn,,, mutant, but clearly lacked suitable
sites for modification by transglutaminase. The unreactive glutaminyl
residues thus probably have similar local conformations in each mutant form
of PGK as well as Identical surrounding amino acid sequences. Since a
number of glutaminy! residues within the wild type protein are known to be
highly accessible [according to the criteria of Chothla, (1975)] the structure_
of PGK was inspected in order to find reasons for this lack of reactivity.

The X-ray structure of wild type PGK from yeast is shown in Flg 6.2.
The "nose” reglon is Indicated by an arrow and is a flexible glutamine-rich
surface exposed loop of approximately 20 amino acids in length. Despite the
high accessibility of the glutaminyl residues within this region, none of
them appear to be reactive towards transglutaminase. By comparison with
the reactive loop within the structure of actin from rabbit muscle, (see
section 1.7.8.3.) thils portion of the molecule should be of adequate
dimenslons for modification by transglutaminase. The lack of labelling In
this region, may therefore be due to discouraging factors within the linear
sequences which surround the glutaminyl residues located within this

reglon. The sequence of this region (Perkins et al,, 1983) is shown In Fig

6. gl

143



T

~t

=] ool .
v S»G- Qb v@%-sﬂ@@v-m—ﬁ 144

124 I—@@é}e-s-é

i

134 G-Q@-V-@—A—s 7'5_@@—v--Q+1§ F-éé—,H-@}L—S-S-L-A@ 154
ol —t

T

L

Fig 6.9. SEQUENCES SURROUNDING UNREACTIVE GLN ,,, AND GLN ,,. SITES

IN PGK positively charged residues are in triangles and negatively charged

esidues are in circles, Residues in identical positions in both sequences are

boxed

The presence of positively charged side-chains about the glutaminy!
residues (partlcu\mixj on the C-terminal side) may discourage the
transglutaminase catalysed reaction. A similar lack of modification of
glutamine residues which have positively charged residues ad}acent to them
in the local peptide sequence has also been noted In bovine B8-lactoglobulin,

(see section 5.3.3.), and in a number of other protein substrates (see

section 1.7.8.4.).

144



CHAPTER SEVEN: AN INVESTIGATION INTO THE SUBSTRATE PROPERTIES

OF BOVINE B-CASEIN TOWARDS TRANSGLUTAMINASE

7.1. INTRODUCTION

The substrate properties of B-casein have been investigated previously
by Yan and wold (1984). The substrate sites (see section 1.7.7.3.) were
determined In material in which all the lysine side chains of bovine G-
casein were modified with succinic anhydride In order to prevent inter-
and intra-molecular cross-linking reactions. This treatment may have
conformationally altered the substrate to expose more éltes to the
enzyme than are available in its non-succinylated form. The méjor
modIification sites for factor XIIIa within non-succinylated B-casein have
been determined and found to be GIny;, but the substrate sites for the
guinea plg liver enzyme are not known for the native protein. The
substrate properties of non-succinylated bovine B-casein are therefore
considered in sections 7.2. - 7.4. and the specificity of guinea pig liver
transglutaminase towards this substrate Is considered in section 7.5..

The B-casein used for the following experiments was purchased from

Sigma Chemical Co.

7.2, RESULTS AND DISCUSSION

7.2.1. SOLUTION STRUCTURE OF B8-CASEIN (BOVIN

The far u.v. spectra of B-casein both in the presence and absence of
ca't (aq) at pH 7.6 (le. that used for the enzyme catalysed modification
of this proteln) are shown In Fig 7.1.. A CONTIN (Provencher and

Gléckner, 1981) analysis of the spectra recorded under these conditions
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Spectra were recorded under the standard conditions described in the text ie.
at 20 ‘C in 50 mM tris-HCI pH 7.5, and in 25 mM sodium phosphate buffer, pH 7.5.
The spectra were identical to (a) In each case. The concentration of casein was
1.0 mg/mi.The spectra represent the average of three blank corrected spectra
In each case. A CONTIN (Provencher and Glockner, 1981) analysis was done on
this data in order to predict the content of secondary structure in the sample

under these conditions.

(a) In the absence of calcium.
(b) In the presence of 5§ mM Ca?*

(c) The same as (b) following an overnight incubation.
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Fig 7.2. TIME COURSE OF INCORPORATION OF PUTRESCINE INTO B-CASEIN BY
TRANSGLUTAMINASE

The concentration of 3-casein was 2 mg/ml and the incubations were conducted
at 25°C using the standard reaction conditions described in section 2.2.3.2.. The
buffer used was triethanolamine (50 mM) pH 7.5. Further details are given in the

text.
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Fig 7.3, HPLC PROFILE OF THE SEPARATION OF ['4C] PUTRESCINE LABELLED

PEPTIDES OF BOVINE B-CASEIN

(a) B-casein which had been modified to a stoichiometry of 1.5 mol/mol with
putrescine using transglutaminase was carboxymethylated (see section 2.2.5.2.)
and digested with TPCK treated trypsin as described in section 2.2.5.3.. The
peptide fragments were separated over 40 Min using a PEP RP1 (Dupont)
reverse phase HPLC column using a 5.0 - 65 % gradient of acetonitrile in water,
with 0.1 % v/v TFA in each phase. The flow rate was 0.5 ml/min. The sample was
washed for 5.0 min with solvent A prior to application of the gradient. This
removed unbound putrescine. Two 100 ul aliquots of 1% ammonium bicarbonate
were then applied and the sample was washed again for 10 min, this procedure
improved the peptide yield by up to 50 ¥ compared to separations when this
step was omitted. The yleld of radioactivity recovered from the peptides was
>90% of that loaded In the original sample. The rectangles indicate the amount
of radioactivity (background corrected) which was present in each 1.0 ml aliquot
of the eluate. A similar digestion of unmodified B-casein gave a very similar
trace since hence it appears that the covalent attachment of putrescine had little
effect on the binding behaviour of the modified peptide on this column. The
major radioactive peptides{ w) were collected and rechromatographed [see Fig 7.3

(b)]
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Fig 7.3. HPLC PROFILE OF THE SEPARATION OF ['4C] PUTRESCINE LABELLED

PEPTIDES OF BOVINE B-CASEIN

(b) Rechromatography of the major radioactive peptide (*) which was recovered
from separation (a). The gradient used was the same as used in separation (a).
Over 75 % of the radioactivity of the sample applied to the column was recovered
In the peptide peak which appeared at the same position in the chromatogram
as in Fig (a). This was directly sequenced and fractions collected at each cycle

of the degradation were tested for radiocactivity.



indicated the following secondary structural content : [k helix 24 % +/-2 %,
B-sheet 25 ¥ +/- 2 %, and other 51 % +/- 3 %]. These figures may be
compared with the secondary structural prediction of B8-casein, determined
by Holt and Sawyer (1988) which suggested a composition of 20 ¥x-helix,
5 -7 % B-sheet, 4 ¥ B-turn and approximately 69 ¥ other structure. Unlike
the other substrates tested for substrate properties, bovine B-caseln Is
thought to exist as multimeric complexes In solutions containing calcium, and
this will act as a constraint to the flexibility of the polypeptide chaln

compared to samples which are incubated in the absence of calcium (Sawyer

et al., 1988).

1.2.2, THE ENZYME CATALYSED MODIFICATION OF BOVINE B-CASEIN BY
TRANSGLUTAMINASE

The time-course of putrescine incorporation into B-casein is shown in
Fig 7.2. The reaction is fully dependent on the presence of both calcium and
transglutaminase, since there is little or no radioactivity incorporated into
protein In control incubations which exclude either of these components.
The stoichiometry of labelling was consistently between 1.0 - 2.0 mol
putrescine/mol B-casein depending on the concentration of B-caseln used,
in the range 1 - 5 mg/ml, lower stoichiometries of modification being
observed at higher protein concentrations. The stolchiometry was not
increased by further addition of transglutaminase. This indicated that all
of the avallable sites were fully labelled. The degree of cross-linking of
B-caseln Into higher polymeric aggregates was nhot observed to be a

predominant reaction (the band at 24 kDa corresponding to B-caseln was
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retained during reactlon, although a proportion of higher Mr material was
observed on SDS gels after 20 hr incubation. This was judged to be
approximately 10 ¥ of the starting material and appeared to predominantly
consist of dimeric material. Hence it appears that the high concentration of
putrescine (5 mM) effectively competed against the exposed lysine residues
in B-caseln for the active site of transglutaminase.

The stoichiometry of incorporation of label into B-casein was lower
than that observed by Yan and Wold (1984) who reported 5 mol amine/mol
proteln Incorporation Iinto amidated B-casein and 8 mol amine/mol protein
into succinylated B-casein. Brenner and Wold (1978), have reported a
stolchliometry of incorporation of 2.0 mol methylamine/mol protein with non-

succinylated B-casein using gulnea pig liver transglutaminase.

E S WITHIN THE PRIMARY UCTUR

Peptide mapping by HPLC (Fig 7.3.) indicated that there was one major
site of labelling and probably 2 or 3 other peptides which were modified to
between 25 to 75 % of the level of the main peak. The most highly
radioactively labelled peptide fragment from a tryptic digest of B-casein
was retalned. The sample was reduced In volume by 90 % by use of a rotary
evaporator (Gyrovap) at 37°C. The sample was then rechromatographed by
HPLC on a PEP RP 1 column after being washed on the column with 3 x 100
ul alilquots of ammonium bicarbonate which gave a recovery of > 80 % of the
Initlal radioactivity. The material which eluted at approximately 40 % solvent

B was sequenced and the resulting 29 residue peptide is shown in Fig 7.4,
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Fractions corresponding to each cycle of the sequencer were collected,
mixed with 4 mi of scintillation fluid and the radioactivity associated with
these samples was determined. A peak of radioactivity was observed in cycle
11 of the sequence determination of the purified peptide which
corresponded to Gln,,, but no radiocactivity was detected in cycles 4 or 21
which corresponded to the positions of the other glutaminyl residues (GIn,,,
and Glngg) within the sequence. The pattern of reactivity of glutaminyl
residues within this region of B-casein Is Identical to that determined by

Yan and Wold, (1984) using the succinylated derivative of B-caseln.

-~ +
et /= N et
v ‘3.‘S—L-P—Q-N-I-P-P-L-T-Xaa-T-P—V—V-V—P-P-—F-L—Q—P*@)—V—M—G—V—S i

[

C

Fig 7.4, TRYPTIC FRAGMENT P1: LABELLED SITE WITHIN NATIVE BOVINE B-

SEIN [Xaa = N~ Zglutamyl)putrescine ositively charged residues are

In triangles and negatively charged residues are in circles

This peptide corresponds to the region Ser,, through to Lysg, within
the sequence of bovine B-casein (Yoshimura et al,, 1986). The peptide was
the product of a pseudo-tryptic cut site between Asn,, and Sery,. The
sequence lacks charged residues in the vicinity of the labelling site and is
highly hydrophoblc and proline rich. It Is also characterised by the

presence of neighbouring threonine (hydroxylated) residues about the
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presence of neighbouring threonine (hydroxylated) residues about the
labelling site, and the presence of a number of repeated sequence motifs eg.

-P-P-, and -V-V-V- such have been noted in other substrates (see section

1.8).

4.1 REDICT OF LOCAL SECONDARY STRUCTURE SURROUNDING GLN,,

Glutaminyl residue GIn .4 Is predicted by Holt and Sawyer, (1988) to
lie in an unstructured reglon between a B-turn (extending from residue
Pro,, through to Asn,,) and some B-sheet (residues Prog, through to Valy,).
Glutaminy! residue Gln,, is predicted to lie at the apex of this B-turn, and
Glng, Is predicted to lie In the five residue connecting region between the

aforementioned B-sheet and a region high in A-helix forming potential (ie.

Glug, through to Lysg,).

1,5, __THE SPECIFICITY OF TRANSGLUTAMINASE TOWARDS GLUTAMINYI

RESIDUES IN BOVINE B-CASEIN

The amino acld sequences surrounding the glutaminyl resldues of
bovine B-caseln are presented in Table 1.3. and Table 1.4. (section 1.7.7.3.).
Since the tertiary structure of B-caseins is not known It is not possible to
say whether many of the glutaminyl residues are sufficiently exposed In
native non-succinylated caseln to be available to the active site of

transglutaminase. However one glutaminyl residue Is known to be highly
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exposec_i, le. GIn,,, since this Is the single site Iin native B-casein known to

be modified by factor XIIla (Gorman an Folk, 1980). The sequence about this

latter site is shown in Flg 6.5.

+ +

154 -F-M-v-p-P-Q-s-v-L—s-L-s-Xaa-sﬁv-L-P-V-P—Qz{g\—A-v-P— 179

Elg 7.5. MAJOR SUBSTRATE SITE OF FACTOR XIIIa IN BOVINE B8-CASEIN

[-Xaa~- = N-ﬁr:g!utamyl)dansylcadaverlne] positively charged residues are

i 4 esidues are in circles

Database searches for sequences similar to that shown Iin Fig 7.5 have
shown that the sequence surrounding Gln,4 is one of the closest matches
available (see section 9.3.3.2.) and for this reason Gln s, might be exp ected
to have substrate properties for the liver transglutaminase. However |n a
number of other protein substrates of transglutaminase the presence of
positively charged residues in regions adjacent to glutaminy! residues
appears to reduce the substrate properties of these groups (see sections
1.7.8.4., 4.3.1,, 5.3.3., and 6.3.3.. Therefore If GIn,,, is reactive towards

guinea pig liver transglutaminase it is unlikely on the basls of this labelling
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study to be a major modification site due to the positive charge at position

+2 imparted by Lys,,,.
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CHAPTER EIGHT: LESS WELL CHARACTERIZED SUBSTRATES OF GUINEA PIG LIVER

TRANSGLUTAMINASE

8.1. GENERAL INTRODUCTION

A number of other protein and peptide substrates were determined to have
substrate propertles although the specific modification sites were not directly

determined, but could be inferred from indirect evidence eg.

1) known tertiary structure,
2) maximum observed stoichiometry of labelling,

3) characteristics of the amino acid sequence of the substrate,

4) peptide mapping of labelled material.

5) partial sequence data Inferred from peptide mixtures.

Some of these substrates are considered in sections 8.2. to 8.4..

8. LA VINE

8. QD (0]

Catalase has been previously noted as a possible substrate for
transglutaminase (Lorand and Conrad, 1984). Catalase has been fully sequenced
via a combination of enzymic, and chemical methodologies (Schroeder gt al., 1982).

[/]
The X-ray crystallographic structure is available to a resolution of 2.5 A (Murthy
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et al,, 1981), where the known sequence has been unambiguously fitted to
the electron density map. Catalase consists of four subunits in the crystal
structure, but is known to dissociate in solution Into dimers and monomers
at high pH (Inada et al. 1961). On the basis of what is currently known
concerning the specificity of transglutaminase the most likely sites of
modification of bovine catalase have been predicted (see section 4.4.3.).
These predictions have been further substantiated by proteolytically

fingerprinting the modified protein using HPLC techniques.

8.2.2, METHODS

Bovine liver catalase, was purchased from Sigma as a lyophilized
powder, and stock sclutions were constructed using an extinction coefficient
of 1.63 for a 1 mg/ml solution at 280 nm (Theorell, H. (1951). The assay used
to asses the specific activity of catalase was that of Bergmeyer, (1955), see
appendix II. The substrate properties of catalase for transglutaminase were
tested In the absence of, ‘and In the presence of 1.0 and 5.0 mM DTT.
Transglutaminase catalysed modification was determined at 25°C, and at pH
7.6 In triethanolamine buffer (50 mM), and diluted into phosphate buffer
prior to enzyme assay. Incorporation profiles of both putrescine and

dansylcadaverine were constructed and the labelled sites were

characterized by peptide mapping by HPLC. This was possible since the

tryptic, and chymotryptic peptides have been extensively characterized

(Schroeder et al. 1964).
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8.2.3. RESULTS AND DISCUSSION

8.2.3.1, MODIFICATION OF CATALASE

The modification of catalase with [“C]-putresclne and dansylcadaverine
indicated that labelling was both Ca2+, and transglutaminase dependént.
Dansylcadaverine binds quite extensively and non-specifically to catalase
up to a stolchiometry of ~ 1 - 2 mol amine/mol protein. Dansylcadaverine
was released on proteolytic digestion since a fluorescent peak was
observed at the position of the dansylcadaverine standard following
HPLC. This made the calculation of the stoichiometry of labelling by
dansylcadaverine incorporation prone to error. The maximum number of
reactive glutaminyl sites within catalase was Judged from the
transglutaminase catalysed Incorporation of putrescine, since non-
covalently bound putrescine is easily removed from samples by the filter
disc method, (see section 2.2.3.2.). Since between 2.0 and 3.0 mol
putrescine/mol protein was incorporated into catalase after 20 hr then
the maximum number of reactive Sltes Is estimated to be three..

The Incorporation of label appeared to be partially dependent on
the presence of DTT. This was perhaps surprising, since no disulphide
bridges which could be reduced and broken by DTT are apparent from
the X-ray structure of catalase. It is possible that surface exposed
cystelne residues within the catalase structure could form disulphide
bonds with Cysy at the active site of transglutaminase. This could cause
inactivation of enzymic activity by blocking the regeneration of thioester
Intermediates In the catalytic mechanism (see section 1.5.). Cysteine

residues which are exposed at the surface of catalase include Cys,;,, and

Cyslsg-

154



8.2.3.2. SOLUTION STRUCTURE OF CATALASE

The crystal structure (Eventoff and Gurskaya, 1975) indicates that
catalase Is usually a tetramer but at high pH this dissoclates into monomers
(Inada et al,, 1961). Hence the solution structure of catalase during
‘t‘ransglutamlnase labelling is expected to resemble the crystal structure
shown in Fig 4.12.. The result of circular dichroism analysis of catalase In
the far u.v. range (taken under conditions resembling those used during
labelling) is shown in Fig 8.1.. The structure appeared to remain stable over
24 hr incubation at 20 *C. This was also indicated by the stability of the
specific activity of catalase during labelling. A CONTIN (Provencher and
Gléckner, 1981) analysis of the sécondary structure of catalase in the
labelling mixture gave the following results: [X-Helix 19 ¥ +/- 2 %, B-sheet
36 +/- 2 %, and other 45 ¥ +/- 2 %]. This Is rather different from that
calculated from the X-ray structure (Murthy et al,, 1981) le. [céhelix 26 %,
B-sheet 12 %¥]. However these figures are closer to those derived from the
X-ray structure than those previously obtained from optical rotatory
dispersion (ORD) measurements., Yang and Samejima (1963), estimated bovine

catalase to contain around 50 % helix using these methods.

8.2.3.3 A AR IZATION OF SITES OF LABELLING

Catalase was heat treated and the pellet and supernatant were
digested using bovine trypsin (general method of Schroeder et al., 1964).
This was ineffective at producing peptide material which could be eluted

under standard conditions from a Vydac C18 reverse phase column,
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Fig 81. FAR U.V, CD SPECTRUM OF BOVINE LIVER CATALASE,

The protein concentration was 1.0 mg/m! and data was collected at 25 °C using
the standard conditions described in section 2.2.4.3.. The secondary structure
of catalase was calculated on the basis of this data using CONTIN analysis
(Provencher and Glockner, 1981). The trace represent averaged structures of
two background corrected scans.
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Figa 8.2 SEPARATION OF PROTEOLYTIC PEPTIDES OF CATALASE BY HPLC

T

(a) HPLC separation of the products of the Initial digestion of catalase (1/40 wt proteinase/wt
catalase) using TPCK treated bovine pancreatic trypsin on heat treated catalase. The fluorescent
material represented modified protein since unbound dansylcadaverine (standard) was shown to
elute at t = 17 min on this gradient. The gradient in this case was 5.0 - 100 ¥ B over 90 min,
where B = 70 X {sopropanol in water with 0.4 X (v/v) triethylamine phosphate pH 2.5, and A was

water with 0.4 X (v/v) triethylamine phosphate pH 2.5,

(b) HPLC of the tryptic digestion of carboxymethylated catalase (method of Allen, 1981) on the
same gradient as (a) The addition of chymotrypsin directly into the mixture
which was digeated with trypsin, produced fluorescent peptides in similar yields to that obtained
in Fig (c) though of course the trace was more crowded by peptide peaks. The digestion of
guanidine hydrochloride treated, non-carboxymethylated catalase gave a trace similar to that in
(a) indicating that the slow dialygis of denaturant facilitated refolding of the protein.

he rectangles represent the relative fluoresecnce associated with 3ml fractions

of column eluate.



|

10

A220
o

én

1

// »“N“ u /\{/U\V;_’_/

e —T LA 1978" SN A | p—. O
1 2 a \, r ® 38 8 g WRDANTRIFIPFARITIIU MY L VL VY 20 3 32,

\

Fraction N°

(c) HPLC trace of the products of the chymotryptic digestion of the major
dansylated peptide from trace (a), using the same gradient as in (a) but over
60 min. The material was firstly purified by gel filtration on a sephacryl G75
column and then reduced in volume from 5ml to 0.5 m! by rotary evaporation. 0.5
ml of 2 ¥ (w/v) ammonium bicarbonate solution was added to give a pH of 8.0
whereupon 1/40 wt protelnase/wt catalase peptide of TCLK bovine pancreatic
chymotrypsin was added. . The Incubation was
terminated after 4.0 hr by injection onto the HPLC column. The trace stayed
unchanged when digestion was continued up to 24 hr. The gradient was the same
as that used inta). After rechromatography the tWo most fluorescent peaksYwere
collected and sent for sequence analysis to Celltech Ltd, Slough.
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even with high concentrations (> 40 % v/v) of isopropanol. Repeated
additions of trypsin and up to 24 hr Incubation did not produce
sufficient material for analysis. The peptide(s) which contain the label
were either very large (due to incomplete digestion) and/or hydrophobic.
The same 24 hr digestion of [“C]-putresclne labelled material which had
been carboxymethylated in its denatured form (ie. in the presence of 6
M guanidine hydrochloride) was more successfully digested, and a single
major fluorescently labelled peptide was observed to elute from the
column at approximately 35 ¥ v/v isopropanol (see Fig 8.2 b.).

In order to produce modified peptides suitable for sequencing it
was necessary to sub-digest the tryptic peptide which contained most
of the label. This was could be achieved by the purification of the
peptide by size exclusion chromatography using a Sepadex G-75 column
(dimensSlons 30 cm x 3.5 cm) equilibriated with 1 % w/v ammonium
bicarbonate pH 8.0, followed by digestion with bovine chymotrypsin at
a ratlo of 1/40 wt/wt catalase. Alternatively the chymotrypsin could
simply be added Into the tryptic digestion mixture in the same ratio and
the products separated by HPLC (see Fig 8.2 (c)). Unfortunately direct
identificatlon of the modification sites within catalase was not possible
since purified peptides appeared to stick to the plastic eppendorf tubes
In which they were stored. However on the basis of features common to
other substrates of transglutaminase it Is possible to predict which
glutaminyl residues are most likely to Have substrate properties (see
section 4.4.3.). The external N-terminal tail ‘appears an unlikely site for
modification due to the high concentration of positive charge which is

assoclated with the sequences containing glutaminyl resldues iIn this

region.
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8.3. PEPSIN (PORCINE)

8.3.1. INTRODUCTION

Porcine pepsin was prepared as a 10 mg/ml stock solution in Tris-HCI
(100 mM) buffer pH 8.0, and Initially incubated at 4°C for 2 hr. The
enzyme |Is catalytically inactive at this pH and no autolysis of the Mr 34
kDa band corresponding to pepsin was observed by SDS-PAGE. The
stock solution was then diluted into standard incubation buffer used for
protein labelling [minus B-casein] (see section 2.2,3.2.) and tested for
substrate propertles using both putrescine and dansylicadaverine as acy|
acceptors, both In the presence and absence of DTT over the range from
pH 6.0 to pH 9.0.

Pepsin which had been dansylated for 10 hr at pH 7.5 was
enzymically digested with Staphylococcus aureus V8 proteinase and the
peptide products separated using an electrophoretic technique on an 8
to 25 % gradient polyacrylamide gel which contained both SDS and urea.
This was electroblotted onto an immobilon sheet (see section 2.2.4.4.) and
the labelled peptides visualized under u.v. light. The most highly
fluorescent band was excised and prepared for sequence determination.

Clrcular dichroism studies were conducted on pepsin at pH 7.6
both in the presence and absence of 1.0 mM DTT. Spectra were obtained
using 50 mM Tris-HCI buffer (see section 2.2.4.3.). The effect of Cal* on

the secondary structure of pepsin was tested both in the presence and

absence of DTT.
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8.3.2. RESULTS AND DISCUSSION

8.3.2.1. C.D. STUDIES

The far u.v. spectrum of pepsin at pH 7.6 is shown in Fig 8.3 .
A CONTfN (Provencher and Gléckner, 1981) analysis indicated that the protein
comprised the following secondary structure at pH 8.0 ,[%-helix: 11 % +/- 0.5 %, B-
sheet: 44 % +/- 1 %, and other: 45 ¥ +/- 1 %¥]. Addition of DTT appeared to have
little effect on the spectra after 1 hr incubation. After 14 hr incubation at 20 °C
CONTIN analysis indicated a small [ncrease in helical content [el-helix: 14 % +/- 0.4
%, B-sheet: 44 ¥ +/- 1 %]. However subsequent addition of 5§ mM Ca?* to the
overnight mixture resulted in a rapid change in the spectra. CONTIN analysis
indicated that the change derived largely from conversion ofo-helix to 8-sheet
structure [khelix: 2 % +/- 1.4 %, B-sheet: 58 % +/-3 %, and other: 40 % +/- 2 %].
Such achange was not observed when calcium ions were present, but DTT was not
included in the mixture. The resuits presented here were comniparable with the
secondary structural content of pepsin determined by X-ray crystallography

(Andreeva et al.. 1978). This is estimated to comprise: 10 % ol-helix, B-sheet 33 %,

and other 57 %.
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SPEC OF PORCINE PEPSIN.

A concentration of 1.0 mg/ml of pepsin was used. Samples were incubated at
25°'C under standard conditions for 2 h prior to their analysis. A CONTIN
analysis was done on the data In order to predict the amount of secondary
structure within the protein under the stated conditions. Each spectrum is an

average of two blank corrected scans.

(a) In tris-HCI buffer pH 8.0.
(b) In the presence of { mM DTT _
(c) In the presence of 1 mM DTT overnight

(d) after adding Ca** to- (c)

"~ Both the near and far u.v. spectrum of porcine pepsin recorded at pH 8.0
was very similar to that at pH 2.0 and hence the protein Is thought to resemble
its crystal structure under the conditions used for labelling by
transglutaminase. .



8.3.2.2. LABELLING STUDIES

The time dependent incorporation of putrescine Iinto pepsin at a variety
of pH values is illustrated by Fig 8.4. The presence of 1.0 mM DTT has
a large effect on the maximum observed stoichiometry of labelling over
22 hr. ie. In the presence of DTT up to 5.0 - 6.0 mol putrescine was
incorporated per mol pepsin monomer, compared to only 2.0 mol
putrescine/mol porcine pepsin in the absence of reducing agent. Similar
results were obtained using dansylcadaverine as the amine substrate.
The maximum observed stoichiometry following two additions of
transglutaminase to the mixture, and incubating for 36 hr in the
presence of 5 mM DTT was 5.0 mol DNSC/mol pepsin.

The difference In the maximum stoichiometry of labelling in the
presence of DTT may be correlated with the loss of secondary structure
assoclated with the reduction of disulphide bridges. The effect of the
DTT appeared to be potentiated by the action of Ca!' binding to the
substrate. The negatively charged amino acid side chalns In pepsin, may
be electrostatically attracted to positively charged calcium ions and this
interaction may accelerate the denaturation of pepsin under labelling

conditlons. The substrate properties of pepsin are discussed in relation

to pepsin structure in Appendix xi.
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Fig_ 8.4, THE INCORPORATION _OF PUTRESCINE INTO PEPSIN BY

JRANSGLUTAMINASE

The modification of pepsin was under the standard conditions described in
section  2.2.3.2.. The protein concentration was 3 mg/ml. Samples were
preincubated at pH 8.0 in 25 mM tris HCI buffer (under which conditions the
majority of tertiary structure is retained, see Fig 8.5.) and then the pH was
adjusted to the required pH using 100 mM buffer of the desired pH. Final
adjustments of pH were made using dropwise addition of dil HCl or NaOH (aq).
with incubated at 25 °C. No proteinase activity was detected in any of the
samples tested and little or no cross-linking of pepsin monomers was observed
using SDS PAGE during the reaction with transglutaminase. No incorporation of

putrescine was observed In the absence of transglutaminase.



8.3.2.3. DETERMINATION OF A PUTATIVE MODIFICATION SITE WITHIN

PEPSIN

Peptide sequencing of an electroblotted Vy fragment of dansylated pepsin

prepared 'in the absence of DTT provided evidence for the sequence:

V-F-I-R-X-Y-Y-T

No peak corresponding to Glny, was observed (X). This is typical of the
behaviour of dansylated glutamyl derivatives during sequencing and has
been noted elsewhere (see section 5.3.1. and 6.3.1.). This sequence

contalns features observed In other transglutaminase substrates ie.

1) N-terminal positive charge neighbouring a reactive Gin,

2) high hydrophobicity,
3) high content of hydroxylated amino acids,

4) is located within the C- terminal section of a protein substrate, as

seen In the case of B-lactoglobulin, (see section 5.3.2.).

The location of glutaminy! residues within the tertiary crystal structure
of porcine pepsin Is shown in Fig 8.5. The solution structure of pepsin
under the conditions used for labelling of pepsin (pH 8.0) Is expected
to differ somewhat from this structure particularly following reduction
of disulphide bonds. The similarity of the tertiary structure is however

considerably greater in the absence of DTT than in Its presence (see

section 8.3.2.1.).
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NH2 loop
domain

domain

Fig 8.5 THE X-RAY STRUCTURE OF PORCINE PEPSIN

Schematic drawing of the trace of the polypeptide in porcine pepsin. Regions of
B-sheet are arrow-like bars and« -helix are shown as multiple turns within the
remaining strands. The different strands of B-sheet are alphabetically labelled
according to the notation of Andreeva and Gustchina (1979). The approximate
location of some of the glutaminyl residues are indicated by arrows. From c.d.
studies of the protein it appears that even at pH 8.0 and in the presence of the
components of the transglutaminase incubation mixture(iedrt) pepsin still
resembles this structure and is not denatured dgspite having a very low pH

maximum for its enzyme activity.




8.4. A SYNTHETIC FIBRIN PEPTIDE AS TRANSGLUTAMINASE SUBSTRATES

8.4.1. INTRODUCTION

The plasma protein fibrin is a physiological substrate of factor XIIla,
and has been shown to be a substrate of the guinea pig liver enzyme
(Chung, 1972). The labelling sites within the )/—chain of both bovine and
human fibrin are known and one such site is located at the C-terminus
(Chen and Doolittle, 1971), (see section 1.8.). A synthetic peptide which
corresponded in sequence to the region from Arg,,, to the C-terminus at

Tyr, s, of human fibrin was synthesized by Mr C. Bose of Celltech Ltd. The

sequence Is shown in Fig 8.6.
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NHy {4 T-1-G{E} G-Q-Q-H-H-L-G-G-ARy-0-A-B}F) coom

Fig 8.6. THE SEQUENCE OF A SYNTHETIC PEPTIDE BASED ON FIBRIN

positively charged residues are in_triangles an negatively charged

residues are in circles

The secondary structure of this region of fibrin is not known, but has
been modelled as a reglon of X-hellx by Doolittle, (1973) [see appendix
I]. Recently an nmr study of a peptide of similar sequence to that shown
in Fig 8.5 Indicated that below pH 5.0 o -helical structure may be
associated with this region of fibrin, (Mayo and Burke, 1990). However
above this pH resonance Iintensities were greatly attenuated due to
Increased rates of exchange.

The substrate properties of this peptide were investigated in order to
test the feaslbility of constructing a cross-linked dimer using
transglutaminase. Cross-linked material was then tested for Its ability
to cause antibody production in laboratory animals. An antibody raied
agai'nst such an antigen could theoretically be of use pharmacologically

if it were conjugated to proteinases as a thrombolytic agent.
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8.4.2. METHODS

The peptide was easily solubilized in standard transglutaminase protein
labelling buffers eg. tris-HCl (50 mM) pH 7.6 up to concentrations of 1.0
- 3.0 mg/ml. Transglutaminase cross-linking mixtures were of the same
basic composition as standard labelling mixtures (see section 2.2.3.2.),
except that the primary amine which was not included and the peptide
replaced B-casein In the mixture. The time course of the modification of
this peptide by transglutaminase was monitored by HPLC, and TLC.
Cross-linked material was analyzed by F.A.B. mass spectroscopy.

The solution structure of the material was analyzed by circular
dichrolsm, both in normal aqueous solution at pH 7.6 and at pH 3.0 in
both the presence and absence of trifluoroethanol. This was compared
to a computer generated secondary structure prediction of the peptide,
which was conducted by Dr L. Sawyer, Department of Biochemistry,
University of Edinburgh. The peptide was modelled using computer
graphical techniques (see section 2.2,8.1.) into a variety of conformations
In order to test hypotheses concerning the secondary structure of the

region of polypeptide chain in the vicinity of the labelling sites.
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8.4.3. RESULTS AND DISCUSSION
8.4.3.1. THE SECONDARY STRUCTURE OF FIBRIN PEPTIDE

a) CIRCULAR DICHROISM STUDIES

A CONTIN (Provencher and Gléckner, 1981) analysis of the far u.v.
spectrum of the fibrin peptide (not shown) Indicated the presence of
some secondary structure at pH 7.6 and this was apparently retained at
pH 3. The peptide was found to contaln 57 ¥ +/- 1 ¥ B-sheet. No
o -helix was present. The addition of cal* and TFE (5 % v/v) did not
appear to affect the spectrum. It Is possible that the peptide consists

of a series of B-turns and that these structures contribute towards the

B-sheet content.
b) SECONDARY STRUCTURAL PREDICTION OF PEPTIDE STRUCTURE

The peptide was predicted to contaln Ilittle secondary structure
according to the programme PREDICT [see section 2.2.8.2.]. Individual
algorithms suggested that the peptide may contaln some B-turn potential.

In no cases did any of the programmes tested predict an o(-helical

structure within this sequence.

c) MODELLING OF THE CONFORMATION OF FIBRIN PEPTIDE

This sequence has previously been modelled by Doolittle, (1973) as an
o~ -helix, and as a B-structure, see Fig 8.6. The CHARMm programme was
used to model the sequence Into a number of conformations by an
energy minimization process. The programme suggested that both a
negative or positive o -helical conformation was energetically more

favoured than the extended conformation.
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8.4.3.2. MODIFICATION OF FIBRIN PEPTIDE

A time course of incorporation of label into the fibrin peptide was
obtained by lInjecting known amounts of peptide from standard He-
putrescine containing labelling mixtures onto the vydac HPLC column and
monitoring the Incorporation of amine by scintillation counting (the
column conditions immediately quenched the actlvity of transglutaminase).
The results indicated that the peptide was a highly efficlent substrate
for transglutaminase, as has been previously been reported for the
intact molecule (Chung, 1972), the derlvatized )/—chaln (Gorman and Folk,
1980), and synthetic peptides based on the amino acid sequence
surrounding the Factor XIIIa cross-linking site within fibrin (Gorman
and Folk, 1980). The maximum stolchiometry of labelling observed was 2.2
mol putrescine/mol peptide and was achleved after 2.0 hr of incubation.
No reaction was detected in the absence of calt or transglutaminase. The
omlssion of DTT had no observable effect on the time course of reaction.
The HPLC traces assoclated with these modifications are shown in Fig 8.8
I

The omission of primary amine in the incubation mixtures resulted
in the rapld formation of a number of novel peaks when the components
of the mixture were analyzed by reverse phase HPLC. The time course
for the production of this product is shown in Fig 8.8 li. Since the
peptide had already been shown to contain reactive glutaminyl residues,
It was assumed that the new peaks represented cross-linked product
(the lysine residue at position Lys, acting as amine donor).
Approximately 2 mg of modified sample was sent to Celltech Ltd. for
further characterization by FAB mass spectrometry and for use as an

antigen in trials to produce antibody against cross-linked material.

165



4 L-T-1-G-E-G{Q}Q-H-H-L-G-G-A{R-Q-A-G-D-V-COOH 20,
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Fig 87
AN -HELICAL MODEL OF THE C-TERMINUS OF HUMAN FIBRIN

I) The amino acid. sequence of the carboxy termini of the fibrin ’Y—-chains
showing the locations of reciprocal cross-links between antiparallel neighbouring

chains.(©o),

II) A space filling models of the/X- chain carboxy-terminal eicosopeptides in an
& -helical conformation, orientated in antiparallel register. (a) Shows the cross-
links formed between Lys,, and GlIn,. (b) Shows the model from the opposite
side, showing the possible interaction between GIng and Cin,,. The diagram was

taken from Doolittle (1973).

These peptide models conform exactly in sequence to that of the peptide used
for the experimental work done as part of this thesis (see section 8.4). It is
interesting to speculate whether the conformation of the peptide shown above
may be that which transglutaminase binds during its modification. Certainly
other protein substrates are predicted to have helical structure eg.

phospholipase A2, lipocortin I.
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Fig 88. HPLC MAPPING OF THE PRODUCTS OF TRANSGLUTAMINASE
N TIDE

Samples were incubated according to the text and 0.1 mg of peptide was applied
to a Vydac column after different times. The samples were eluted using a 10 -
70 ¥ gradient of isopropanol in water (O 4% v/v triethylamlne phosphate pH 2.5)
over 35 minutes.

1) In the presence of amine the modified peptide was converted to a humber of
radioactive forms (approximately 2.5 mol amine/mol peptide), which did not
change position compared to the control (minus transglutaminase) over 24h.
When dansylcadaverine is used instead of putrescine the peak shifted from t =
17 min to t = 27 min and approximately 1.5 mol amine/mol peptide was calculated
to have been bound. Trace (a) Is the control, trace (b) the putrescine modified

peptide, and trace (c) the dansylated peptide.
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Fla_88., HPIC MAPPING OF THE PRODUCTS OF _TRANSGLUTAMINASE

Cross-linking mixtures were constructed in the same way as in (Fig 8.8 1)
with the exception that amine was excluded from the mixture. The HPLC
separations were also done using the same gradient.

i) In the absence of amine substrate a number of new peaks which elute at
higher solvent concentrations are generated during the 24 hour time course.
This Is illustrated by the traces shown above.



8.4.3.3. PREDICTION OF REACTIVE GLUTAMINYL RESIDUES

Previous studies on related peptides and intact fibrin have shown that
although both glutamines in the -Q-Q- motif are modified by transglutaminases,
modification of each of the doublet tends to be less than 100 % probably due to
steric réstrlction about the unmodified glutamine following the modification of the
firstin the series (Gorman and Folk, 1980). Thus although the sites of modification
were not directly determined by sequencing of the labelled materia! prepared here

it Is likely that all three glutaminy! residues in the sequence have substrate

properties for guinea pig liver transglutaminase.

8.4.3.4 (0] SS-

The fibrin peptide was an efficient substrate of transglutaminase in the
absence of free primary amine substrate (see Fig 8.8 il )Jsince a number of new
peaks werecobserved toform,inatime dependent manner following HPLC separation
of reaction mixtures. These novel peaks were not observed in the absence of
transglutaminase. However in the absence of free primary amine it appears that
contrary to catalysing cross-linking reactions, that transglutaminase may act by
deaminating the glutaminy! residues of the peptide to glutamic acid. This reaction
appears to predominate despite the high concentration of lysine residues in

reaction mixtures. If this were the case the peptide would be expected to have a
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high negative charge and may have interacted with the Ca?* ions in solution to
generate further peaks on the HPLC. The FAB mass spectrometric analysis
suggested that only approximately 10 ¥ of the sample was present as material of
molecular welght corresponding to the dimeric form of the peptide (see Fig 8.9).
The suggestion has been made that the reciprocally linked segments may be
analogous to a large cyclic (n=16) peptide (Doolittle, 1973). Such structures
frequeht‘ly employ reciprocal backbone hydrogen bonding for stabilization (Mosher
and Blout, 1971). In view of this it may be significant that the peptide appears to
have B-sheet forming potential in solution [see section 8.4.3.1.(a)]. Whichever
conformation is favoured by this sequence of amino acids in fibrin, it is necessary

that the two strands align in such a way that a symmetrical dimer is the product

of reaction.

8.4.3. A NTIBO GA -

S NAS

In unpublished experiments undertaken at Celltech Ltd., Slough [reported
verbally by Dr B Smith], the ability of the cross-linked material to elicit anti-fibrin
peptide antibody production In laboratory animals was investigated. The material
did not appear to be very effective as an antigen and little antibody appeared to
be produced In response to its injection into laboratory animals. It is possible that
any cross-linked products were quickly sequestered from the bloodstream of the

lab animals, or that the cross linked products were not very antigenic.
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8.9. MA CTRA OF CROSS LINKING MIXTURE OF FIBRIN PTI

The spectrum of material which was incubated in cross-linking mixtures
(standard mixture minus exogenously added amine). The sample tested
corresponds to that shown in Fig 8.8 following incubation for 24 hours in the
presence of transglutaminase. The peak (a) at around Mr 1911 probably
corresponds to that of the peptide and the peak (b) at Mr 3947 probably
corresponds to the formation of some dimeric cross-linked material. The presence
of other components of the incubation mixture eg. DTT, Ca?* ions and buffer will
have contributed to the noise in the trace at lower Mr values. From the change
in the HPLC traces during incubation with transglutaminase it appears likely
that major structural changes other than cross-linking occurred during the
reaction. One possible reason for this phenomeneamay have been the deamination
of peptide by water In the absence of high concentrations of competing amine

(see Fig 8.8 ),



CHAPTER NINE; COMPUTER BASED TECHNIQUES FOR THE STUDY OF

TRANSGLUTAMINASE AND ITS SUBSTRATES

9.1. GENERAL INTRODUCTION

Computer based techniques have been used to estimate the secondary
structureassoclated with certain substrates of transglfutaminase. This has assisted
In the division of substrate sites which have not been structurally characterised
by physicochemical methods into groups based on common elements of secondary
structure.

Many of the substrate sequences belonging toanumber of structural classes
were compared against a large détabase of protein sequences in order to locate
other proteins containing similar sequences. In some cases matched proteins have
previously been tested for their substrate properties. This approach provided a

means for searching for structural consensus in the substrates of transglutaminase.

N URA DICTIONS OF TRANSGLUTAMINASE SU

Many algorithms have been developed to predict the local conformation of
the chain of polypeptides and proteins from local sequence. The rationale for this

work stems from experimental work which suggests that synthetic homopolymers
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preferentially adopt certain conformations. In addition there is the notion that &~
helices and B-strands and turns may act as nucleation sites for protein folding in
vivo. The justification of this work is that better than random predictions can be
generally obtained.

Methods may be divided into two types. The empirical schemes use parameters
obtained from the analysis of known sequences and structures. Theother approach
is baséd on stereochemistry. Three commonly used methods are the empirical
methods of Chou and Fasman (1974) and of Robson and coworkers (Garnier et al.,
1978), and the stereochemical method of Lim (1974). These algorithms may be applied
to a sequence and the results of each prediction statistically weighted, the results
can then be combined to give a final result. This approach (built into the
programme PREDICT) has been shown to have greater average predictive power

than one single technique over a range of test sequences of known structure (see

section 9.2.2.).

9.2,2, METHODS

Secondary structural predictions of protein and peptide structures were
done by Dr L. Sawyer, Department of Biochemistry, University of Edinburgh. The
predictions were In some cases done on relatively short sequences and for this
reason a bank of eight different predictive methods were used and averaged in
order to give the most likely conformation. The programme used was PREDICT
(Eliopoulos et al,, 1982) as modified by E. Eliopoulos (see Sawyer et al,, 1986). For
general background to this technique see section 2.2.8.2,

By using these techniques to estimate the secondary structure associated

with substrate sequences of known three dimensional structure eg. actin,
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phospholipase A,, glucagon etc., it was possible to test the accuracy of the

secondary structural predictions in these cases.

9.2.3. RESULTS AND DISCUSSION

Since only alimited number of proteln substrates of transglutaminase have
been characterized fully, the accuracy of the PREDICT programme must be assessed
on the basis of a limited data set. However for those protein substrates tested the
results of the programme concurred well with the secondary structure determined
for these sites using more direct means eg. X-ray crystallographically determined
structures. All three major classes of secondary structureie. e-sheét,X—helix, and
random coil structure were correctly associated with the appropriate regions of
sequence within the substrate sites. The results are summarized in Table 9.1.. The
amino acid sequences assocliated with the substrate sitesof transglutaminase within
protein and polypeptide substrates of unknown secondary structure were also
analyzed by the PREDICT programme. The results are summarized in Table 9.2..

Secondary structural predictions of transglutaminase substrate sites are
generally in agreement with the results of models constructed on the basis of
physicochemical data. Substrate sites appear toinclude; helices (phospholipase A2
and lipocortin 1), loop structures (actin and PGK Hisgz> Glng,, mutant), and a
number of less folded structures higher in B8-sheet and B8-turn potential (B-casein,
gliadins etc.).

In non-physiological substrates, higher secondary structural potential is

generally not predicted. This was not always the case for physiological substrates
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TABLE_ 9.1

The use of the computer program "PREDICT" to predict the
known secondary structures associated with protein and
polypeptide substrates of transglutaminase.

PROTEIN SEQUENCE PREDICTED STRUCTURE KNOWN STRUCTURE
ACT CRPRHQGVMVGMG BBBTTTTTBBBB- 14 RESIDUE LOOP
GLC1 ---HSQGTFTSDY ~==TTTTT~-TTT FLEXIBLE REGION
GLC2 DSRRAQDFVQWLM HHHHHHHHHHHH- HELICAL REGION
PLC3 --RRAQDFVQWLM HHHHHHHHHHHHH HELICAL REGION
PLAA2 --ALWQFRSNTI - -~-HHHHHHHHHBB HELIX - SHEET
Abbreviations; GLC; bovine glucagon, PLAA2; porcine

phospholipase A2 ; B = B-sheet is predicted ; T = B-turn is
predicted ; H =<- helix is predicted ; - either : 1) no
residue aligns to this position, eg. when the right hand
neighbouring residue is an N-terminus, or 2) no secondary
structure is predicted in the region of this residue. The

amino acids are abbreviated using standard single letter
code.

The proteins actin, glucagon and phospholipase A2 are amongst
the few substrates of transglutaminase for which X-ray
crystal structures are available, All of the sequences (which
are aligned against the glutaminyl residue of interest) apart
from GLC3 are reactive towards transglutaminase. The
"PREDICT" computer programme consists of a bank of secondary
structure predictive algorithms which are applied to amino
acid sequences to give a weighted average prediction which
has a higher overall accuracy than the individual methods
alone. In the test cases above this programme was denerally
successful in its prediction of the secondary structure
surrounding the known substrate sites in these molecules.
Table 9.2 includes further predictions of protein substrates
of transglutaminase. In some of these cases secondary
structure has been implicated by physicochemical methods
(although X-ray structures are not available). In several of
these cases the PREDICT program corroborates these secondary
structural investigations, The residue numbers of these
sequences may be found in Table 10.1 and 10.2,



TABLE 9.2

The use of the program PREDICT to predict the secondary
structure associated with transglutaminase substrates of
unknown conformation

PROTEIN PREDICTED STRUCTURE" PROTEIN SEQUENCE
PGK 1 BBBBBBBBBTTTTTT GVTDKISQVSTGGGA
CAs1 = --emmeeee—e- BBBB DKIHPFAQTQSLVYP
CAS 2 T--TTBBBBBBBB-~ QNIPPLTQTPVVVPP
CAS 3 -TTTTTT--===-—~ PFPKYPVQPFTESQS
CAS 4 BBBBBB~-TT-=--=-~ QSVLSLSQSKVLPVP
CAS § -=-T-TTTT-T-===~ EKAVPYPQRDMPIQA
CAS 6 -----T-T--T-T-T SKVLPVPQKAVPYPQ
CAS 7 HHHHHH---TTT-~- TQAFLLYQQPVLGPV
LIP 1 HHHHHHHHHHHHH-- MVSEFLKQAWFIENE
BLAC1 BBBTTHHHHHHHHH- RLSFNPTQLEEQCHI
BLAC2 THHHHHHHHH--=-~~ NPTQLEEQCHI ----
INS A -BBBBTT--T----- GIVEQCCASVCS-~--
INS B -TBBBBTTT-TT--~- ASVCSLYQLENYCH-
ENDOR ----TTTTBBBBBBB FMTSEKSQTPLVTLF
HB A -TTTT---~TTTTT- DLSHGSAQVKGHGK-
COLLO TTTTTTTTTTT-T-- GGCSHLGQSYADRDV
FIB 1 ~=TTTTT-~---TTTT LTIGEGQQHHLGGAK

Abbreviations: PGK 1:- Phosphoglycerate kinase (yeast), CAS 1 through to
CAS 7; bovine B-casein, LIP 1:- Lipocortin 1 {human placenta),BLACl:- 8-
Lactoglobulin (bovine),BLAC2:-B-Lactoglobulin (bovine),INS A:- Insulin
A chain (Human),INS B:- Insulin B chain (Human),ENDOR:- B-Endorphin, HB
A:- Haemoglobin A chain (Human),COLLO:-Type III collagen (bovine), FIB
1:- Fibrin Y -chain C-terminal peptide (human). Amino acids are
abbreviated to standard single letter code. Dashes either represent the
absence of a residue or the absence of structure predicted about a

residue,

The secondary structural predictions of a number of the protein
substrates of transglutaminase tested are in general accord with what is
known about the structures of these proteins from physicochemical
studies. For example many of the sites in B-casein are predicted to have
little structure or have some turn potential. This protein is highly
susceptible to trypsin and other proteinases and this is evidence for a
loosely packed structure. The PGK structural prediction is similar to
that of actin (see Table 9.1) with which it shares some sequence
similarity. Perhaps this sequence within the GI"ME mutant resembles the
fourteen residue loop surrounding the reactive Gln, in actin. The B-
endorphin structure is predicted to have some sheet and turn structure.
This structure has also been suggested by n.m.r. studies of the peptide
(Licharge et al., 1987). Lipocortin I is predicted to be helical at the
reactive glutaminyl site within the N-terminal section, and this is a
similar situation to that seen in phospholipase A2 (see Table 9.1). It
may be that transglutaminase modifies the C-terminal region of B8~
lactoglobulin in a folded state which resembles some of the other helical
sites in proteins shown in Figs 9.1 and 9.2.



eg. human lipocortin (see section 1.10.3. and 1.7.8.2.), and porcine phospholipase A2
(see section 1.7.8.2.). Substrate sites within these proteins were both predicted to
be N-terminal helices. The local structure, and sequences of these X-helical
substrates may contain special features which enhance their substrate
effectiveness. This may be necessary toovercome steric effects assoclated with the
packing of side chalns In ol-helices relative to sequences which more closely
approaé:h random coil conformations.

It Is possible that a common structure is induced during catalysis by
features attheactivesiteof transglutaminase. Helical wheel representations(where
amino acld sequences are modelled asolhelical conformlations) do not indicate a

common pattern when this is applied to the known substrate sequences of

transglutaminase.

BA S SEQU MOTIFS ANS S

9.3. 1

Two substrate sequences which superficially appear only slightly similar
may be considered by a computer program to be the closest matches avalilable
within a database of 10,000 protein sequences. Hence the amino acid sequences of
many of the known substrate sites within protein substrates of transglutaminase
were compared agalnst a computer database of 10,000 protein sequences to see |f

onhe substrate site could successfully predict another. In such an event it is
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possible that significant sequence motifs might be highlighted within the
current dataset. The general background to the use of computers in
database searches for similar polypeptide sequences Is described
elsewhere, see section 2.2.8.4.. Peptide sequences of between 12 - 15
amino acids were used for each search, when not limited by constrains
such as N- or C- termination of the polypeptide chain. The reactive

glutaminyl resldue was located centrally within the search sequence.

9.3.2, METHODS

Database searches were conducted using two different approaches. The
first used the FASTA program of Pearson and Lipman (1987) which is
Incorporated In the "Profile search" facllity of the GCG sequence
analysis system. This program aligned sequences purely on the basis of
overall similarity and resulted in the location of similar sequences to the
search sequence. However In many cases the peptides which were
identified as having overall similarity to the target sequences could not
have substrate properties for transglutaminase due to the absence of a
centrally placed glutaminyl residues within the sequence. The peptide
sequences which resembled the search sequences were then searched
manually to locate peptide sequences which contalned glutamine residues
at positions equivalent to the search sequence. This work was done with
the assistance of Dr. P. Cleat of the Biological Support group, Dept. of
Computing, Edinburgh University.

The second set of computer matches was done using the method
described in section 2.2.8.4. This Involved the matching of the glutaminyl
residue of a peptide sequence against a proteln sequence database,

followed by automatic alignment of the rest of the sequence on the basis
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of similarity of surrounding sequence. This work was done by Dr. A. Coulson,

Department of Molecular Biology, University of Edinburgh.

When considering the significance of the similarity of matching a peptide sequence

within a database agalinst a search sequence, certain criteria should be considered

eg.

1) If the glutamine within the matched sequence is known to not be exposed at the
surface of the parent protein, then it is highly unlikely that it could act as a

substrate for transglutaminase. In such cases amatch is likely to be spurious and

Is of little interest.

2) If the matched sequence is derived from a highly exotic source of protein then
It Is most unlikely that the significance of the match may be experimentally tested,

and thus for current purposes cannot be considered significant.
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9.3.3. RESULTS AND DISCUSSION

9.3.3.1. GENERAL RESULTS

Both methods of computer matching located similar sequences to the parent
sequenée within other proteins, but due to differences in the statistical weighting
assoclated with the search programmes some differences were seen between the
lists of the best matched proteins. Thus the two methods may be regarded as
complementary.

Database searches using the known modification sites for liver
transglutaminase were often unsuccessful in finding matches with other reactive
sequences. However search sequences were often matched against proteins which
are known to be substrates for transglutaminase /in vitro, but for which no
substrate site(s) have been determined. It was not possible to say whether such
matches were significant. These matches may be considered predictions of substrate
sites, and will no doubt be useful in construction of theories concerning the
specificity of transglutaminase as the location of reactive glutaminyl residues within
these proteins are determined. Matches of potential significance included: myosin,
apolipoprotein B-100, cartilage specific proteoglycan, troponin, tubulin,
thrombospondin, and vitellogenin all of which have been reported to have substrate
properties for transglutaminases.

In only a single case were two substrate sequences found to have high
statistical similarity with each other. In this case the two substrate sites were

located within the same molecule ie. B-casein. This match is discussed in section

9.3.3.2.
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9.3.3.2, TWO MATCHED SEQUENCES ARE { OCATED IN BOVINE B-CASEIN

Glutaminyl residue GIn ,4, is known to be the best glutaminy| substrate for
factor XIIla within bovine B-casein (Gorman and Folk, 1980). This siteis also known
to be a labelling site of the tissue enzyme in amidated, and succinylated B-casein
(yan anvd' Wold, 1984). Computer matching found high similarity [relative to theother
sequences in the database] with another known labelling site in bovine B-casein ie.
sequence GIn,, through to Pro,. This site is fully reactive towards
transglutaminase in succinylated casein (Yan and Wold, 1984) and appears to be the
major site of labelling of the tissue enzyme in native [non-succinylated, non-
amidated] B-casein (see chapter 7). The sequences of these two modification sites
within B~casein are aligned In Fig 9.1. The similarity appears to be greatest about

the labelled glutamines and on the C-terminal side of the labelling sites.

161 FQ}s-v-L-sfLsfaisyK er«llP PLE- 175
. | [
BEEEE
72 N-I-P-PHLATHa-fr-P v'vL vip-fP- 86

Fig 9.1, A COMPARISON OF THE MAJOR LABELLING SITES OF FACTOR XIIIa AND

-t

S SE W OVINE B-CASE

Residues at Identical positions are boxed with a solid line. Other similar motifs
are boxed with hatched lines
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Other known substrates of transglutaminase which were considered to
have similarity with the sequence surrounding Gln,g, Included epidermal
keratin (see section 1.10,5.), haemagglutinin (see section 14.2.1.), and
myosin. The labelling sites are not known In each case but the
haemagglutinin sequence maps to a surface loop within the X-ray structure
of the protein (Wilson et al., 1981). Since labelling Is decreased by limited

tryptic digestion of the protein this loop may represent a genuine substrate

site [see section Appendix I (lil) ].

4 AL CONCLUSION

Transglutaminase has been shown to have substrate properties
towards many diverse amino acld sequences in proteins (see Chapter 1). It
Is therefore not surprising that the sequences associated with non-
physiological substrates were not effective at predicting other known sites.
Some of the matches may have Identified reactive glutaminy! residues but
It Is presently Impossible to predict a priori which sequences these might
be. The substrate sequences assoclated with physiological substrates of the
enzyme were no more effective in predicting further substrate sites than
non-physiological substrates. This may merely reflect the presently small
number of known modification sites within proteins, but more likely reflects
the requirement for knowledge of the local secondary structure and the
degree of exposure of glutaminy! residues of both the search sequence and
the protelns to which these sequences are to be compared within the

database. These factors are discussed in greater depth in chapter 10.
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CHAPTER TEN: A PRELIMINARY SET OF RULES TO ACCOUNT FOR TRANSGLUTAMINASE

SPECIFICITY

10.1. INTRODUCTION

The substrate sites of transglutaminase within proteins have been reviewed
in chapter 1. In the absence of a clear consensus sequence motif surrounding
reactive glutaminyl residues, conformational factors must be predominant in the
determination of specificity of transglutaminase (see section 1.7.9.). Since some
substrates (particularly those thought to be physiologically important /in vivoeag.
actin, phospholipase A2, and uteroglobulin appear to have discretely folded local
structure (see section 1.7.8.2. and 1.7.8.3.) it is not appropriate to group these

substrate sites with more conformationally flexible substrate sites when looking for

consensus features.

In order to compare sequence motifs from similarly folded substrate sites,

transglutaminase substrates have been divided into two broad structural groups,

type A and type B. The distinction is made on the basis of available physical

evidence and when this is not available on the basis of computer based secondary

structural predictions, thus:

Type A substrates : elther show little ordered structure (e.g. by n.m.r. or c.d.)
or show low or indefinite electron density In X-ray diffraction studies, or are
denatured, chemically modified proteins. They are not predicted to have high

secondary structural potential by the computer programme PREDICT (see section

9.2.1. and 9.2.2.).
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Type B substrates show distinct electrqn density (when an X-ray structure is
available) or show strongly predicted secondary structure (e.g. lipocortin 1) or
are predicted to be similar to proteins of known structure e.g‘. the seminal vesicle
protein SV-1V is predicted to be similar.to uteroglobin whic;w is a small compact
protein (Metafora et al., 1987). The classification of the known modification sites of
transglutaminase into type A and type B is shown in Tables 10.1a and b.

Since the importance of the distribution of sterically bulky (see section
1.7.9.3.) and charged residues (see section 1.7.9.4.) in the region surrounding
substrate sites have emerged as . likely determinants of the substrate properties
of proteins, type A and type B substrates were inspected In order to see if any

distinct patterns were evident (see section 10.2.).

10.2, COMPA N INO ACID SEQUENCE WITHIN T A
U s AS
10.2.1, INTRODUCTION

The percentage occupancy of each amino acid type at each position within
a window, -5 residues +5 residues from the modified glutamine within type A and
type Bsubstrates was calculated. Substrate sequences of eleven or so residues are
considered since this is comparable in length [35 f\, assuming 3.5 7\ per amino acid
residue (Schechter and Berger, 1967)] to the longest extended binding sites

estimated for a humber of proteinases (Fruton, 1975). The different amino acid

types were grouped according to their chemical properties and the overall
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TABLE 10,1 (a) VYPE A SUBSTRATES

SEQUENCES AROUND KNOWN SITES OF TRANSGLUTAMINASE-CATALYSED
MODIFICATION OF PEPTIDES AND PROTEINS

Protein/peptide Sequence Reference
Iype A =5 =4 =3 =2 =1 0 +1 +2 +3 +4 +5
ACTH (Q11) T §$ E K sje|T P L V T a
Glucagon (Q3) H s{Qle T F T S b
substance P (QS) R P K PlQjQ F F G L -]
Insulin
(oxidised A chain)
(Q5) G I vV EjlQ|S € A S V b
(Q1s) Vv ¢ s L Y| Q L E N Y C
(oxidised B chain)
(Q4) - F v N|lQlu L ¢ G S
.Melittin {Q25) I K R K RjQlQ d
p-casein (succinylated)
(poor) (I) (@54) I H P F A|Q|T @ S L V e
(I1) (Q56) P F A Q T Q|ls L VvV Y .P
(IIX) (Q79) I P P L T|lQ|T P V V V
(Iv) (Q167) V L S L S{Q|s () VvV L P
(v) (@u75) v L P Vv Plolxy A Vv P ¥ '
(poor) (VI) (Q182) A vV P Y P|Q|R D M P I
(VIT) (Q194) A F L L Y|Qjo P V L G
Fibrin peptide
(3s8) T I G E G|QjQ@ N H L G £
Haemoglobin (heat
denatured a-chain)
(poor) (Q54) s H ¢ s A{alv K 6 H G g
g-lactoglobulin (in the
presence of dithiothreitol)
(Q155) 'S F N P T ol E E Q ¢C h
(Q159) T Q L E EjQi¢c H I

The positions -5 to +5 represent the positions of amino acid residues relative to reactive
glutaminyl residues in the primary amino acid sequence.

#Melittin has been reported to have antt-helical conformation in water at high concentrations
and hence rather than being classed as a fype A substrate it is poassible that under the
conditions of labelling that melittin more closely resembles a fype B substrate (see Table 19.1

b.). If this were the case then positive charge at position -1 in the sequence of Lype B
substrates would not be considered a discouraging feature (see table 10.3).



TABLE 10.1 (b) TYPE B SUBSTRATES

PROTEIN SEQUENCE REFERENCE

Crystallin g-Bp (Q7) S NHE T Q A G K P Q i

Crystallin p-B3 (Q3) A EQ H S TP E i

Crystallin«-A3 (Q6) E T QT V Q Q EL E S i

Lipocortin I (Q18) I1 ENE E Q E Y V QT J

Phospholipase (Q4)

A2 AL W Q@ FR S N I k

Collagen 111 (Q14)

aminopropeptide C S HL GQ S Y A DR 1

ACTIN (Q41) G R PRUHGQG YV M VG m

Sv-1v (Q9) K E K'Y S Q@ S EE V V n
(Q86) R S R F A Q DV L N n

Phosphoglycerate

kinase (Q123) T D KI S Q@ VS TGG o

(His388-G1n388

mutant)

Glucagon (Q20) D SRR A QD F V Q VW p

Sequences are shown in the one letter code, with the modified glutamine
at position 0. Brackets around lysines indicate that the side chain has
been succinylated. The term "poor" is used to denote that the
modification of the designated glutamine is only partial. The distinction
between Type 1 and Type II substrates is explained in the text.

References to table

Pucci et _al. (1988a)
Folk and Cole (1965)

Pepinsky et al. (1989)
Pucci et al. (1988b) Cordella-Miele et al, (1990)

i
J
Perez-Paya et al, (1991) k Bowness et al. (1987)
Yan and Wold (1984) 1 Takashi (1988)
m
n
o

Gorman and Folk (1980) Porta et al. (1989)
Pincus and Waelsch (1968) Coussons et al. (1991)
Coussons et al., (1992 in press) Berbers et al. (1983)
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distribution of each class of side chain in the two classes of transglutaminase
substrate compared. The results are shown in Tables 10.2 a and b, and discussed
in sections 10.2.2. to 10.4. The results of this analysis have been combined in
section 10.5. to form the basis of a preliminary set of rulés which may define

transglutaminase specificity. These rules have been applied to predict substrate

sites In a number of model systems in chapter 11.

10.2,2, DISTRIBUTION OF UNCHARGED RESIDUES

Within fype A substrates the large non polar and polar residues le.
tryptophan, methionine, isoleucine and phenylalanine (non-polar) are present in
low abundance, although phenylalanineis presentin slightly higher amounts. Those
positions in which they have occupancy tend to be either N-terminal to the
labelling siteor remote fromthelabelled glutamine (apart fromphenylalanine which
has been found at positions +2 and +3). Tyrosine [large polar (hydroxylated) side
chain] is similarly distributed to the other residues with large side chains, with the
exception that it has a relatively high occupancy as the N-terminal neighbour of
the labelled glutamine (cf. small polar amino acld side chain distribution within

substrate sites).

The smaller non-polar residues are present in much higher amounts than
other amino acids within substrate sites and tend to have high occupancy In the
region C-terminal to the labelling sites. This probably reflects a requirement for
a hydrophobic component within substrates in order to enhance non-specific

binding of substrates at the hydrophobic active site of transglutaminase. This Is
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particulary noticeable for Val, Leu, and Pro within positions +2 to +5
(the same region where charged residues are disfavoured). Alanine is
not abundant in any region except position -1, where the only non-
polar residues represented are Ala and Pro.

Serine and threonine (small polar side chains) are quite evenly

distributed on either side of the labelling sites in all cases, with slightly
higher occupancy in the region neighbouring the modified glutamine
than elsewhere within substrate sites.
Glycine residues are predominantly located on the C-terminal side of
labelling sites. This is in accord with a requirement for local flexibility
in substrate sites. This phenomenon has been noted in a number of
proteins, eg. the "hinged lid" of the triose isomerase loop (Joseph et
al,. 1990), the "hinge” reglion of PGK [watson et al., (1982), see chapter
6] and antibody molecules (Dangl et al., 1988). Since glycine residues
lack side chalns and are not generally present as a nearest nelghbour
to reactive glutaminyl residues, this may reflect a local steric
requirement at this point which may be contributed by the adjacent
residue. Yan and Wold (1984) have noted that the carboxamide group of
glutamine should be able to approach the hydroxyl group of
nelghbouring Ser and Tyr residues using molecular fnodelllng techniques.
The potential of hydroxyl groups to Increase the leaving group potential
of ammonlia from peptidy! glutamine residues could concievably contribute
towards the  stereochemical and chemlcal requirements  of
transglutaminase for glutaminyl-substrates at its active site (Wold, 1985).
The remalning uncharged polar residues ie. Asn, and GIn are
present in low abundance at most positions. However glutamine has high
occupancy of position +1 to the labelled glutamine In type A substrates.
It may be significant that a number of the sequences shown in Table

10.1 a.b. possess a repeat sequence (l.e. -X-X- and -X-X-X-, where X

represents a particular amino acid type).
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Type B substrates have much the same distribution of amino acids about
labelled sites as type A substrates, with a notable increase in the occupancy of
glycine and alanine residues. This may reflect a requiremenf for increased local
flexibility at certain positions within such substrates. )

Although cysteine residues are present in a number of positions in insulin
(type A substrate), they are oxidized to their sulphonic acid derivatives and are
thus negatively charged. Since in all cases DTT was added to the labelling mixtures
used it is unlikely that the -SH group of cysteine residues are important
determinants of transglutaminase specificity. Interestingly cysteine groups are

virtually absent within type B substrate sequences presumably reflecting their

properties as flexibility restricting elements as disulphide bridges.
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10.2.3. DISTRIBUTION OF CHARGED RESIDUES WITHIN SUBSTRATE SITES

10.2.3.1. POSITIVELY CHARGED RESIDUES

Since some of the lysine residues within the substrate sites of
transglutaminase were succinylated the charge on these residues was
reversed and hence they are classed as negatively charged residues.
Histidine can become positively charged below a pH of 6.0 but since all
the labelled sequences were determined from material which was
prepared at pH 7.0 or above this residue should probably be classed as
polar. The amino terminus of polypeptide chains Is expected to carry a
positive charge at this pH.

within a total of elghteen type A sequences, seven positively charged

residues (77 %) were located on the N-terminal side of the labeiled
glutamine (this Includes N-terminal residues), and two (23 %) were
located on the C-terminal side. Only eleven search sequences were
available for type B substrates but the overall distribution of positive
charge was very different to that of type A substrates ie. 30 ¥ N-
terminal, and 70 % C- terminal to the modified sites.

It has been noted elsewhere (see section 1.7.) that positive charge Is
often absent in transglutaminase substrates and that this therefore may
reduce the substrate properties of proteins. This generalization appears
to be particularly true for type A substrates. Only two sequences
contained positively charged amino acid side chalns at position +1
relative to the modified Gin residue (both In B-casein), and of these
sites Glngg was succinylated. The second such site (Glnyy,) was reported
to be a poor substrate relative to others labelled (60 % modified as
opposed to 100 ¥ modification. The presence of positively charged
residues at position +2 may also reduce substrate propertles, since Lys;

of B-casein had been succlnylated prior to the enzymic modification of
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Gln,,, by transglutaminase (Yan and Wold, 1984) and if labelled represents only a
minor site of modification in non-succinylated B-casein (see chapter 7). Glutaminy!l
residue Gln,, in heat denatured haemoglobin was reported to‘be a poor substrate,
though succinylationof Lys,q appeared toimproveits su bstra:ce properties (Pincus
and Waelsh, 1968). Examination of Table 10.3 indicates that positive charge may be
disfavoured over a region of five or more residues along the C-terminal side of the
polypeptide chain adjacent to a reactive glutaminy! residué in type A substrates.
Positively charged residues were not observed in positions: -1, +1, and +4 in type

B substrates. These results are summarized in table 10.3..

GATIV CHARGED RESIDUES

At pH 7.0 and above only the carboxyl terminal residue and the side chains
of aspartic acid and glutamic acid are expected to be negatively charged in a
typical protein. The sulphonicacid derivativesof cysteineside-chains are expected
to resemble aspartic acid residuesin their chemistry and therefore are considered
in this section (see section 10.2.2).

Negatively charged residues were presentin higher abundance within type
A substrates than positively charged residues. Four (25 %) were N-terminal to the
labelling site, and twelve (75 %) were C-terminal. Type B substrates contained
seventeen negatively charged groups, nine are in the C-terminal region relative to
the labelled site (56 %). Eight (44 %), are in the C-terminal region. The overall
distribution of positions where a negatively charged residue Is observed to be

permlissible differs between type A substrates and type B substrates. In type A
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substrates there appear to be few positions where negative charge may be

unfavourable to substrate properties ie. -5 and +4. In type B substrates

negative charge was absent at a number of positions le. =3 and +4, These

results are summarized in Table 10.3..

10.3.__A_COMPARISON OF TYPE A AND TYPE B SUBSTRATES

The amino acids which comprise the substrate sites of transglutaminase have
been classified according to their general chemistry and the frequency at
which they are found at a given position relative to reactive glutaminyi
resildues Is shown In Tables 10.2 a and b. The positions where a particular
amino acid has not been lIdentified are shaded. The overall distribution of
uncharged amino acld residues within type B substrates Is similar to that of
the type A group, although generally less restrictive in terms of which
residues may be allowed In certain positions. This may reflect the ability of
more highly folded substrates to position otherwise unfavourable charged or
sterically bulky groups away from Important specificity determining regions
within the active site of transglutaminases. Interestingly alanine and glycine
residues are featured more regularly on both sides of the modified sites in
type B substrates than In type A substrates. This may reflect a requirement
in some type B substrates for local flexibility In order to overcome steric
restrictions at the active site of transglutaminase. The distribution of charged

residues Is considerably different In_type A and type B substrates and this

may be an important determinant of the specificity of transglutaminase (see

section 10.4).
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1ABLE 10.2 (a) TYPE A SUBSTRATES

The dis.tribution of amino acid residues surrounding reactive
glutaminyl residues in type A substrates

B . e
- .-

THE FREQUENCY OF AMINO ACID RESIDUES WITHIN SUBSTRATE SITES

NON-POLAR POLAR CHARGED

AVLIFVIMPGSTCVNQXDEZKRJM

0GLH

INIHYLIVID SAILAOVIY JHL OL 3JAILVI3Y
ININYINTID 3ATAOVIY 3HL Of IAILVIZY INAISIY 40 HOYL1ISOd

% The number signifies the position of a particular amingc acid
relative to a centrally located glutaminy! residue (position 0)
within a sequence, Positive values signify residues c-terminal
to the reactive glutaminyl residue and negative values represent
residues located N-terminally to this resydue.

The amino acid residue frequency at a position within the total
number of substrate sites known for a specific conformational
class of substrate is indicated below the amino acid residue,
which is indicated by single letter code. X in this case
corresponds to a C~terminal amino acid, and Z corresponds to an
amino terminal residue. These will carry a negative and a
positive charge respectively under the conditions used for
tabelling proteins.

The amino acids are grouped according to the three broad classes
of : Charged, polar and non-polar for ease of interpretation of

trends in the sequences.

The same format is applied to type 8 substrates in lable 10.2 (b)
over page.



TABLE 10.2 (b) TYPE B SUBSTRATES

The distribution of amino acid residues surrounding reactive

glutaminyl residues in type B substrates

M M e e e e e e e e e N e M % e e e A T e = % e e e = e ke e e = .-

THE FREQUENCY OF AMINO ACID RESIDUES WITHIN SUBSTRATE SITES

NON-POLAR POLAR CHARGED

AV L I FWwMPIG S T CVY HNAOQQIX D E Z K RIH

Shaded areas indicate that no amino acid type specified in the heading is located
at this position In any of the substrate sequences determined to date.



10.4. A CLASSIFICATION SYSTEM FOR TRANSGLUTAMINASE SUBSTRATES

10.4.1. INTRODUCTION

Since it has proved difficult to devise a theory which will predict the
substrate properties of a given protein (X) on the basis of the presence of features
within exposed regions of proteins, an alternative approach for understanding the
specificity of features transglutaminase is considered. This is based on searching
for features within proteins which apparently discourage modification of a
particular glutamine side chain. From inspection of the distribution of charged
residues within transglutaminase substrates (see section 10.2.3.) it appears that
their presence/absence may fulfil the required criteriain the construction of such

a predictive theory.

If, for example, a positively charged side chain appears at a certain position
(say 4 residues on the N-terminal side) in any substrate, then it is concluded that
such a residue in this position is not a discouraging feature. However If no
positively charged side-chain appears at a certain position eg. four residues to the
C-terminal side of reactive glutaminyl residues in all examples of that structural
class then such charge at this position Is classed as a discouraging feature. The
varlous “discouraging features"” are summarised in the set of "rules” shown in
Table 10.3. Overall it appears that positively and negatively charged side chains
to the C-terminal side of the glutamine side chain could play an important role in
determining transglutaminase épeclficity. Gorman and Folk (1984) had obtained some

evidence for this type of effect in their studies on model peptide substrates for the

enzyme.
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JABLE 10.3

CHARGED SIDE CHAINS WHICH ACT AS DISCOURAGING FEATURES IN THE
TRANSGLUTAMINASE-CATALYSED REACTION

Position =5 =4 =3 =2 -1 0 +1 +2 +3 +4 45
Positive chaxges
Type A ‘substrates " Q (*)(*) * * =
Type B substrates (t) Q » »
Negative charges
Type A substrates * Q *
Type B substrates * Q (*)

In this Table the presence of an asterisk at a particular position
relative to the glutamine (at position 0) indicates that the given
charged side chaln would act as a discouraging feature. Such side
chains are absent from the known substrates for transglutaminase listed
in Table 1. The brackets indicate that these designations are less
definite, since they refer to either relatively poor substrates
(succinylated p-casein and the heat~denatured a-chain of haemoglobin)
or an uncertainty in the sequence (crystallin gB3).

The distinction between Type A and Type B substrates is explained in the
text. Since the majority of the modification reactions are carried out
at a pH of 7.5 or above, histidine side chains are not included in the
charged side chain category.




The rules predict that a (type B) substrate will not be reactive if they bind
at the active site of transglutaminase in an extended conformation, since this
conversion to a type A conformation would exclude proteins such as
phospholipase A2 from being reactive. Conversely a type A substrate could be
converted to a type B conformation and retain its reactive properties. A
peptide with a positive charge at position +4 would not be predicted to be a

substrate in either a type A or type B conformation.

10,5 A SUMMARY__OF FACTORS WHICH DETERMINE TRANSGLUTAMINAS

SPECIFICITY

On the basis of the available information concerning the protein and peptide
substrates of guinea pig liver transglutaminase some features which

apparently determine the specificity of transglutaminase are summarized below,

1) Peptides as small as two amino acids In length may act as (poor)
substrates of transglutaminase. In order for proteins of up to nine residues

in length to be efficlent substrates for transglutaminase:

a) it will contain a glutaminyl residue. Asparagine (which has one less

methylene group In its side chain) has no substrate propertles.

b) it should be blocked at the N-terminus by a group such as the

carboxybenzoyl group In CBZ-GIn-Gly (see Fig 2.3).
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c) preferably be modified at the C-terminus eg. by esterification to an ethyl

ester derivative.

d) obey the charge rules for type A (highly flexible) substrates.

e) not be cyclic In conformation.

2) Larger peptide substrates. The criteria for substrate properties Is

similar to smaller peptides. In addition they must:

a) not contain either a N- or C- terminal glutaminy! residue.

b) not fold into a conformation in which the glutamine residue is sterically

blocked by neighbouring residues

¢) not contaln charged residues In positions which contravene the charge
rules presented in section 10.4.. In some cases peptides of thls size may
have considerable secondary structure. In these cases it is Important to

class the peptide correctly as elther type A or type B.

3) The criterla for larger peptides and proteins is broadly that described
for peptides exceeding nine residues. However additional points should be

considered If a protein has a globular conformation:
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a) Glutamine residues must be sufficiently exposed in order to act as
transglutaminase substrates. The lower limit is not yet known but appears to be
between 50 and 70 % according to the criteria of Chothia (1":'375).

b) Thereis arequirement for high flexibility relative to the "framework"” structure
of a protein substrate in the region surrounding the glutaminyl site. Hence large

surface loops and N- and C- termini are favoured relative to other structures.

c) Glutaminy! residues which are restricted in motion by the presenceof disulphide
bridges in a region of approximately -5 to +5 residues relative to the glutamine will
have reduced substrate properties. This criteriaclearly resembles that of rule 1)

e. which relates to smaller peptide substrates.

4) The presence of amino acid side chains with negative charges or highly
electronegative atoms (particularly hydroxylated amino acids such as threonine
and serine) appears to improve substrate properties of peptide materials. Their
high occupancy at positions nelghbouring reactive glutaminyl residues may reflect
more than their tendency to be present at high concentrations in flexible regions
of proteins le. they may directly improve the substrate properties of glutamine

residues via specific polarizing effects.

5) The presence of certain uncharged amino acids may reduce substrate properties

eg. cysteine, isoleucine and tryptophan. Thisobservation is tentative and requires

further investigation.
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Factors 3), 4) and 5) may be considered to be linked in that the observed
tendency of polar and charged amino acid side chains to occur at neighbouring
positions to substrate glutamines may reflect the exposure' of this part of the
polypeptide chain to aqueous solvent and hence increase the e;ccesslbility of these
glutaminyl residues relative to those which are not substrates for the enzyme. Sites
which do not have substrate properties often are surrounded by non-polar,
hydrophobic amino acids within the primary amino acid sequence. In addition
hydroxylated amino acids (eg. serine, threonine, and tyrosine), could play a role
in the polarization of the carbonyl group of the amide side chain of reactive
glutaminyl residues through the formation of hydrogen bonds. This would then

encourage attack by the active site Cys,,. of transglutaminase (see section 1.5.)

to form the thiocester intermediate.

10.6. A PRELIMINARY ESTIMATE OF THE FREQUENCY OF OCCURRENCE OF REACTIVE

GLUTAMINYL RESIDUES WITHIN GLOBULAR PROTEINS

A set of rules would be useful if it could predict the likelihood of a
transglutaminase catalysed modification of a glutaminyl side chain in a given
sequence. Since the list of known sites of modification is small a method of database
searching has been developed, if only to attempt to define the scale of the problem
more exactly. Glutamine occurs about 4 times per 100 residues (some 266873 times
out of 6525000 residues) in the SWISSPROT database [Release 17 (see Bairoch and
Boeckman (1991)]. No convenient reliable method is available for predicting how
many of these residues are likely to be accessible. However from the Brookhaven

protein structure database, the BIPED procedure (Akrigg et al., 1988) reveals that
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8.2 % (229 out of 2778) glutaminy! residues have relative accessibilities (Chothia
1975) greater than 0.66 in the fully extended conformation. Thus about 8.2 % of
glutaminy! residues in globular proteins are putative substrates for
transglutaminase. This would be about 22000 residues in the éurrent SWISSPROT
database. The choice of 0.66 is somewhat arbitrary but from an analysis of the
accessibility of unreactive and substrate sites in polypeptides such as glucagon
(see section 11.3.3.) this figure may be considered reasonable. It should be noted
that if a relative accessibility of greater than 0.85 is chosen then the number of
potentially reactive glutaminy! residues in the Brookehaven database drops to 34
out of 2778 or 1.2 %. This would amount to 3260 side chains in the SWISSPROT
database.

Next using the chargerules developed in this thesis for those features which
discourage the reaction this number is further reduced. A negative charge has as
frequency of about 11.5 % while a positive charge has a frequency of 11.1 %.
Assuming that theoccurrence of sidechainsis random, the probability that at least
one of the six discouraging features for type A substrates will not occur in a
glutamine containing peptide is about 50 % (0.89%) . Thus using a relative
accessibility of greater than 0.66 there must still be on average one in every 24
glutamines which (about 4.1% or 11000 In the database) is in a position to be
modified by transglutaminase. Even applying a more rigid accessibility criteria of

0.85, this number is still about 3200. This is only a very rough estimate since itis

probable that;

1) the rules are not yet sufficiently developed to correctly predict substrate

sites in every case,
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2) that X-ray structures within the database may not always reflect the flexibility
of potential substrate sites in free solution.

3) The assignment of secondary structure to the protein sc;quences within the
SWISSPROT database will contain many mistakes since structure was assigned on
the basis of the results of computer based algorithms used for predicting
secondary structure. Moreover, the concentration of charged residues about
glutaminyl! residues on the surface of globular proteinsis likely to be higher than
that surrounding residues which are in internal positions and not a random

distribution as suggested in the calculation.

This approach corroborates the general finding that few glutaminy! residues in
proteins are likely to be highly reactive towards transglutaminase. Those globular
proteins that do have substrate properties will rarely contain more than one or two

glutaminyl residues whichmay be modified by transglutaminase when the substrate

is in its fully folded state.
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CHAPTER ELEVEN: THE APPLICATION OF THE RULES GOVERNING THE

SPECIFICITY OF TRANSGLUTAMINASE TO SOME MODEL SYSTEMS

-

11.1 INTRODUCTION

In order for the rules presented in chapter 10 to be useful, they must
be able to successfully predict the sites of modification of transglutaminase
within protein substrates. Since the substrate sites determined as a part
of this thesis ie. Gln,y of bovine B-casein, Gln,;, and Gin,z,, of 8-
lactoglobulin, Gln,,, of PGK (mutant protein), and GIn,,, of porclne pepsin
were not included during the original formulation of the rules, the rules
were applied to these substrates, and the results are discussed in sections
11.2. to 11.4..

The substrate characteristics of a number of other protein substrates
which are not so well structurally characterized are discussed in relation
to the rules in Appendix I of this thesis. The rules were also applied to a
number of protein substrates of transglutaminase which were used to devise
the rules. In these cases It was particularly important for the rules to

correctly predict those glutaminyl residues which although exposed do not

act as substrates.
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11.2. APPLICATION OF THE RULES TO PROTEIN SUBSTRATES DETERMINED AS PART
OF THIS PROJECT

2.1. BOVINE B-LACTOGLOBULIN

From the X-ray structure (Papiz et al., 1986) it appears that the side chains
of GIn, ;. GIng,, Glngg and Gln,,, are not significantly exposed to the solvent (see Fig
5.7.). Of the remaining glutamine side chains, GIng is classified as type A (indefinite
electron density) and GIn,y and GIn,,, as type B. Little is known about the
environments of GIn,,, and Gln,,,, because these are in a poorly defined C-terminal
foop. However, in the presence of dithiothreitol, the disulphide bond (Cysgq -
Cys,so) is presumably broken and the C-terminal loop would become flexible.
Application of the charge rules shows that Glng is not a substrate (lysine at
position +3), nor are Gln,, (lysine at +1) or Gln,,, (glutamic acid residue at position
-3). Resldues, GIn,,s and GIn, o however are predicted to be allowed as substrates;
this correlates with the data presented in section 6.3.. Glutaminyl residue Gln,,,
which has previously been suggested to be a third reactive site for
transglutaminase (at pH 9) Is the only other residue within the primary amino acid
sequence not to be excluded as a substrate if B-lactoglobulin is considered to be

substantially denatured at high pH and hence to contaln all type A substrate sites.

11.2.2, PHOSPHOGLYCERATE KINASE

In chapter 6 it was shown that wild type yeast phosphoglycerate kinase is
not a substrate for transglutaminase. Of the eight glutamine side chains in the

enzyme, six are not exposed to the solvent, but GIn,,, and Gin,,, are in the "nose”
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region of the N-terminal domain which is highly flexible on the basis of X~-ray

studies (Watson et al., 1982). Applying the rules for 1ype A substrates, both GIn,,,

and GiIn,,, would not be allowed as substrates. Gln,,, has Iysiﬁe at +1 and arginine
at +3; GIn,,; has lysine residues at positions +1, and +3. Hence: the lack of reaction
can be accounted for. Gln,, is moderately exposed in the crystal structure of PGK.
This residue is the first within a helical region of eight residues and hence must
be a type [} substrate. The lack of reactivity of this residue may be accounted for

by the positive charge carried by Arg,, i.e. at position +1 which is disfavoured by

the rules.
3. B NE B-CASEIN

The tertiary structure of B-casein is not known. However from the low
stoichiometry of labelling it appears that under the conditions used for modification
of the proteln by transglutaminase that B-caseln is substantially folded. This was
also concluded from c.d. studies of B-casein (see section 7.2.1.).

The sequence surroundfng the modification site which was determined [ie.
GIn,,), did not contravene the charge rules. It could be argued that this result is
not surprising given that this same sequence was used in the construction of the
rules (see section 10.4.). Such a criticism Is not so simply justified, since B-casein
was hot denatured under the conditions used (see chapter 7), whereas the
modification site was originally determined in succinylated B-casein which was
considered to be largely unfolded. Thus desplte the constraints imposed on this site

in the folded form of B-caseln relative to the largely denatured succinylated form,

Gln,q retained substrate properties.
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11.3. APPLICATION OF THE RULES TO OTHER PUBLISHED PROTEIN

SUBSTRATES OF TRANSGLUTAMINASE

11.3.1._ RABBIT MUSCLE ACTIN

The X-ray structure of actin (see Fig 1.11.) shows that there is an
exposed loop extending from Argy to Tyrg, (Kabsch et al., 1990). Within
this sequence Gin;, can be extensively modified, whereas Gin;, is only
slightly modified (Takashi, 1988). Application of the rules to this loop
shows that GIn, does not possess any neighbouring discouraging
features, whereas Gln;;, has a lysine at the +1 position, and so would be
disallowed. This argument would apply If the loop were elther flexible
or folded (il.e If the glutamines were either type A or type B
substrates). Although the loop possesses definite electron density in the
actin-DNAase complex (Kabsch et al., 1990), it Is not clear whether this

would also be the case for actin itself, since the loop is involved in

interactions with the DNAase.

2, BOVYINE B-Bp CRYSTALLIN

There are three reglons of the B-Bp-crystallin molecule where there is

low electron density in the X-ray structure (Bax et al., 1990). These
sites may be conformationally flexible and hence glutaminyl residues
within these regions may be considered to be potential substrate sites
for transglutaminase. These reglons are located in the N-terminal 15
amino acid arm (which includes Gln; and Glnn), in the connecting peptide
(Iley = Lysyy, which contalns Giny,), and In the C-terminal region (which
Includes Gingy, and Giny) (see Fig 1.13.). The electron density data

within this region are Inconclusive, so the glutamine residues within
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this region may be classified as either type A or type B. However, in either case
both GIn 4, and Gin,g, are ruled out as substrates since Arg,,, represents a
discouraging feature at the +4 or +1 position respectively. In the connecting
peptide, GIn104 would not be modified since according to ';he rules for type A
substrates, the lysine at +3 would represent a discouraging feature. Reaction of
Gln,,, may also be ruled out by the hydrogen bond formation which is thought to
occur to the side chain of Asp,,, (Bax et al., 1990). The N-terminal region is more
complex to analyze. Although the electron density data are inconclusive, secondary
structure predictions and comparisons with other related structures (Wistow et al.,
1981) suggest that GIn, should be at the C-terminal end of a short helix which is
followed by a reverse turn and a coil which includes GlIn,,. It is possible that Gin,
is atype B substrate, and although there Is a lysine at the +3 position, this would
not be a discouraging feature. On the other hand, Gin,, would probably be in a
flexible reglon (type A substrate) and thus the presence of alysine at +5 would be
a discouraging feature. These predictions are consistent with the observed

modification data, which show that Gln, is the only site of modification (Berbers gt

al., 1983).

11.3.3, BOVINE GLUCAGON

There are three glutamine side chains In glucagon (Gln,, Gln,, and GIny,,).
From the X-ray structure (Sasakli et al., 1975; Blundell and Wood, 1982), Gln,, is
rendered Inaccessible [accessibility = 0.49 (Chothia, 1975)] by the side chains of
Asp,, and Leu,,. see Fig 1.7. and hence is expected to have poor substrate

properties (GIn,, would in any event be ruled out according to the rules by the
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presence of the aspartate at the -3 position). Glutaminy| residue Glng isinaflexible
region and hence classified as atype A substrate (accessibility 0.84), whereas GIn,,
Is in a folded region (type B substrate) but with the éide chain exposed
(accessibility = 074). Application of the charge rules shows‘that Glng and Gln,,
should both be substrates, since there are no discouraging features. This is
observed tobe thecase; transglutaminase catalysed modification occurs at Glnzand

Gln,, but not at Gin,, (Folk and Cole, 1965).

1.3.4. BOVIN GE

The aminopropeptide of calf collagen type III (Col 1-3)(III) contains a
glutamine at position 14. There are no X-ray structural data for this peptide, but
in view of the cysteine at position 9 being involved In a disulphide bond, and
taking Into account structure predictions (Horlein et al., 1979), it is reasonable to
assume that Gin,, Is In a region of folded structure (1ype B substrate). Using the
charge rules, there are no discouraging features and it has been observed that
Gln,,canactasa substrate for transglutaminase (Bowness et al., 1987). However,
when the disulphide bonds in the protein are broken, it appears that Gln,, is no
longer a substrate (Bowness et al., 1987). This behaviour can be understood if this
glutamine Is now considered to be in a flexible region (1ype A substrate) in which
case the aspartate at +4 and the arginine at +5 act as discouraging features. It may
be significant that the equivalent peptide from sheep has an arginine instead of
aspartate at the +4 position relative to glutamine and even In the non-reduced,

folded (type B) form of the peptide the glutamine cannot act as a substrate. This
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Is consistent with the charge rules which show that this arginine would act as a

discouraging feature.

11.4. APPLICATION OF THE RULES TO GLOBULAR PROTEINS WHICH LACK SUBSTRATE

PROPERTIES

The rules appear particular successful in the prediction of unreactive sites
within proteins which also contain reactive sites (see section 1.7.8.4.). A lack of
reactive sites is correctly predicted in the following proteins ; phosphoglycerate
mutase, hen egg lysozyme, pancreatic and ribonuclease A. The structures of these

proteins are discussed in relation to their substrate properties in section 4.3.1..

A Z UBSTRA E NSG

The examples used to show the effectiveness of the rules in sections 11.2 to
11.4. were chosen principally because they are amongst the best structurally
characterized substrates amongst those proteins, tested as substrates. The rules
also correctly predict that there are two substrate sites in rabbit muscle aldolase,
and two sites In bovine liver catalase. The structures of these proteins are shown

and discussed with regard to thelr substrate properties In section 4.4..
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11.6. CONCL USIONS

By dismissing glutaminylresidues within proteins which' have features which
apparently contribute to the lack of reactivity of glutamin;l residues towards
transglutaminase, it seems possible to predict which of the remaining glutaminy!
residues will be reactive on the basis of their exposure. The success of this
approach will be further tested as more substrate sites are identified in globular
proteins.

Unreactive glutaminyl residues are often highly exposed and thus the
importance of the distribution of local charged residues about substrate sites
seems to provide a suitable basis for understanding why some exposed residues
are reactive and others are unreactive. Unfortunately no structure is presently
available for transglutaminase so the contribution of charged side~chains at the

active site of transglutaminase to its specificity cannot be assessed. A possible

chemical basls underlying the rules is discussed further in chapter 12.
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CHAPTER TWELVE; MODELLING THE ACTIVE SITE OF TRANSGLUTAMINASE ON
AT _OF PAPAIN

12.1. INTRODUCTION

Since structure and function are often inextricably linked in biological
systems one of the best approaches to understanding the basis of
transglutaminase specificity would be to examine the conformation and
chemical features associated with the active site of transglutaminase or a
related enzyme. An X-ray structure Is currently not avallable for
transglutaminase, but there Is one available for papain, with which
transglutaminase shares some sequence similarity (see section 1.4.). Both
enzyme families catalyse esterase reactions and are postulated to have
extended active sites.

The secondary structure of the amino acid sequence located at the
active site of transglutaminases was predicted using computer based
methods (see chapter 9) and this was compared using computer graphics to
the folded structure (Drenth, 1968) of papaln (see Fig 12.1.). The similarity
of amino acld sequence between the active slte of transglutaminase and the
active site of papain (lkura et al., 1988) suggested the possibility that
amino acid side-chains common to both proteins mlght\r have similar roles in

the catalytic mechanism of both proteins, and/or form similar structures In

both proteins.
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Fig 12.1. THE TERTIARY STRUCTURE OF PAPAIN

The %-carbon structure of papain from papaya is taken from Drenth et al.,
(1968). The proteln Is divided Into two lobes and the active site is located in
the central cleft. A number of residues are Implicated as belng Important In
the catalytic mechanism of the enzyme and a model of the orientation of these

groups Is shown In Flg 12.5.. It Is possible that papaln shares some of its
structural features with transglutaminase (see text).



12.2, SECONDARY STRUCTURAL PREDICTION OF TRANSGLUTAMINASE STRUCTURE

A secondary structural prediction of transglutaminase using the method of
Chou and Fasman (1974 a,b) suggested that transglutaminase contains a
significant proportion of resldues which are predicted to form secondary
structure ie. B-sheet and &(-helix. Hence it is almost certain that the enzyme
contains some globular structure. A region having high *-helical potential is
particularly marked in the region C-terminal to the actlve site Cysy; No
transmembrane spanning regions were predicted in line with the model of
transglutyaminase being an extrinsically bound protein capable of reversably

binding to the cytoplasmic face of the plasma membrane of liver cells.

12.2,1, THE CYSTEINE 4 MOTIF IN TRANSGLUTAMINASES

The region surrounding Cysy; In liver transglutaminase Is highly conserved
in all known transglutaminases and resembles sequences present at the active
sites of cysteine proteinases. Secondary structural predictions of llver
transglutaminase were conducted using the cDNA derived sequence of the liver
enzyme, (Ikura et al,, 1988). Hydropathy analysis using the methods of
Goldman et al, (198%), and Kyte and Doolittle (1982) confirmed the observation
of lkura et al., (1988) that the active site Cysy; Is predicted to lie midway
between a highly hydrophllic stretch of amino acids which extend N-terminally
for sixteen amino acids to Argy before being broken by the hydrophobic
Leuy,, and a highly hydrophobic reglon which extends for twelve residues
before belng broken by Arg,;. Cysteine Cysy; is predicted to lie in a flexible

antigenic region which extends from Sery,; to Trp); within a region

N
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predicted to be composed of either B-turns or B-sheet depending on the
method used. Residues Ala230 to Arg,y; are predicted to form a relatively
inflexible region with little antigenicity. This would be compatible with the
hydrophobic pocket which is thought to lie in the vicinity of the active
site cysteine (Folk and Gross 1971). The sequences which surround the
active site cysteine residue of a number of transglutaminases are aligned

against each other and papain in Fig 12.2.

1 5SVDILRRWKDYGCQRVKIY LRCUGIPTRVVT SAHr)
2 GSVDIYLEYRS SENPVR FILRCLIGIPARIVTNYFBAHD
3 GSVEIULSYLRTGY sipla TIMVLRCUGIATRITIVTNFNSAHD
4 EYVDWRQKGAVTPVKNQGSCQ TIXGIIKIRTGNLNQYSEQELL |

Fig 12.2. ALIGNMENT OF THE ACTIVE SITE SEQUENCES OF _TWwO

TRANSGLUTAMINASES AND PAPAIN AGAINST CYS,; OF GP_LIVER TGASE
[1 = GP_LIVER. 2 = FACTOR XIITa. 3 = KERATINOCYTE (HUMAN)L[4 =

PAPAIN]. Gaps have been introduced into the guinea pig llver sequence

In order_to maximize the similarity between sequences

The three transglutaminases are most similar to each other than to papain,
although several residues in the region of the active site cysteine are
conserved In all cases eg. Glycine at position -2, Tryptophan at +1,
Phenylalanine at +3, and valine at +5. The transglutaminase with the
highest similarity to papain is the keratinocyte transglutaminase. However
the similarity between the liver, keratinocyte, and the plasma enzyme is

sufficiently strong for the folding of the polypeptide chain to be
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predicted to be similar. The charge profiles of the active site regions of
transglutaminases (1-3) are shown to be similar in the region C-terminal to the
active site Cys,,s but somewhat differentin the region N—terr;minal to this residue.
If these N-terminal residues contribute their side chains to th:e active site of these
proteins this could provide the basis for differences In the observed specificity
between theseenzymes, sincethe distribution of charged residues withinsubstrate

sequences could influence electrostatic attraction or repulsion during the binding

of substrate to an extended substrate site.

3 ARISON W H ARY STRUCTURE O A

From the X-ray structure of papain, the side chains of Gin,,, Ser,,, Cys,,
and the ¥-carbon of Gly,; project into the active site groove. Various aspects of
the structure of papain are reviewed by Drenth et al, (1971). The active site Cys
.5 lles at C-terminus of a loop structure which Is partly external and at the
beginning of a long ol-helix (extending from residue Lys,, to Arg,,, approximately
34% in length) which forms the lip of one domain within the active site cleft of the
proteln, (see Fig 12.2.). Although it is highly speculative to suggest that a similar
region ofX ~helix is located In regions C-terminal to the reactive cysteine side-
chain in both the transglutaminases and the cysteine proteinases it is not unusuai
for discrete structural motifs to be associated with diverse proteins catalysing

reactions which have common mechanisms. The similarity in sequence (and possibly

folding) may be a consequence of either:
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1) divergence of both families of enzyme from a common ancestral protein.

2) convergent evolution producing similar structures (see éection 1.4.).

-

.4, THE HIS,, MOTIF IN TRANSGLUTAMINASES

A second conserved region within the primary sequence of transglutaminases
extends from Arg,,to Thr,, in guineapig liver transglutaminase. Like the Cys motif
(see sectlon 12.3.) this region may have a homologue in papain. Within papain, both
the main chain and R-groups of His,,q and Ala,., are located within 4 -5 :of Cys,,
and this residue Is considered the best positioned of all nearby chemical groups

to participate In the mechanism of reaction (Drenth et al., 1968). Related sequences

in transglutaminase and cysteine proteinases are aligned in Fig 12.3..
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a) PROTEINASES: FICIN

PAPATH

PAPAIN
b) TRAHSGLUTAMINASES KERAT
XIIla

LIVER

Fig _12.3. SEQUENCE
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|C-GTT-STL D~H~A-V-A-A-V-G-Y
C-GrN-K}V-D-H-A-V-A-A-V-G-Y
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C—GTN-K-V-D-HIA-V-A—A-V~G \{
D Q-N—R{E}E-H—H—T-D E~-Y-E}Y
D1TtN~K=-V-D-H-H-T-DtK~E=H-N

E4- -N-G{ELD-H:{RBA-D-L-C-R

ALIGNMENT FOR _HOMOLOGY _BETWEEN

JRANSGLUTAMINASES AND THE HIS,,q CONTAINING REGION OF THE ACTIV

SITE REGION OF PAPAIN Identical and related amino acid residues are boxed

The transglutaminases have greater similarity to papain than to other

cysteine protelnases about this sequence. The consensus sequence may

reduce to N-(#/G)-(+/v)~(e/p)-H . It Is tempting to speculate that residues

Asn,,, Asp,, and His,, In kgase. may be homologous to residues Asn,,,

Asp,;s and His,,, of = papain (P“Pﬂj‘é)and project into the active site of

transglutaminase. These residues could then be directly involved with the

mechanism of catalysis of this family of enzymes. A diagram which shows the

location of both the residues associated with the His and Cys motif of

papain at Its active site is shown in Fig 12.4.
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O Carbon
QO Nitrogen

Q Oxygen

12,4 THE ORIENTATION OF AMINO ACID SIDE CHAINS AT THE ACTIVE SITE OF
PAPAIN

The diagram is taken from Drenth et al., (1971). It shows the proximity of several
residues which are thought to be important in the chemistry of the reaction of
papain with its substrates to Cys,,. This residue is known to be important in the
catalytic mechanism of papain and like Cys,,, of transglutaminase forms a
thioester with synthetic ester substrates as part of its catalytic mechanism. A
number of the residues which are highly conserved amongst the cysteine
proteinases are also highly conserved in transglutaminases. A common catalytic
mechanism suggests that these common residues may form a similar conformation
at the active site of transglutaminase as Is shown in papain. The situation may
be analogous to the common catalytic triad His, Ser, Asp in the serine
proteinases. It Is worth noting that protelnases may be encouraged to catalyse
the reverse reaction (ie. transpeptidation) under forcing conditions. This
reaction is of the type catalysed by transglutaminases.

The Interatomic distances were calculated with the assistance of Dr C Johnston
from a computer graphlcal model of papain. Interestingly papain, has been
crystallized In some cases with the synthetic substrate CBZ-GIn-Gly ester which
Is a substrate for transglutaminase. In the model the CBZ- group does not
appear to make any specitic interactions with the active site of papain and lies
predominantly along the external lip of the active site. This group probably
increases the substrate effectiveness of the substrate by either blocking the
positive charge of the amine terminus or Increasing the hydrophobicity of the
substrate or both. The same is probably true for the binding of this and related
peptides at the active site of transglutaminase.



CHAPTER THIRTEEN; CONCLUSIONS AND FUTURE WORK

13.1. CONCLUSIONS

Early observations concerning the specificity of transglutaminase towards
denatured protein substrates indicated that a wide variety of amino-acid
sequences were associated with substrate sites (Toda and Folk, 1969). Hence
transglutaminase was not considered to have a high specificity with respect
to the primary amino acid sequence which surrounds reactive glutaminyl
\residues within protein substrates. The local conformation which surrounded
glutaminyl residues In proteins appeared to dictate thelr reactivity, and it was
suggested that transglutaminase favoured unfolded regions within proteins as
substrates. The selectivity of transglutaminase towards protein substrates
appeared to largely depend on the presence of “fully exposed glutaminy! side-
chains” and the posslbility of movement In the region surrounding such sites,
although even these observations were conspicuously understated. Later
studies of the substrate properties of synthetic peptide substrates showed
that quite large differences In Km were possible for single amino acid
substitutions within synthetic peptides of between 8 and 15 residues in
length. It has not been recognised until recently that such peptides may have
secondary structure in aqueous solution, and hence these peptides were
considered to all have "random coil” conformations. The Km values of the liver
enzyme towards these peptides were different in many cases to those
determined for factor XIIla, and this suggested (contrary to the work on
denatured proteins) that some determinants of specificity must reside within
the primary sequence of protein substrates. With an Iincreased knowledge
of the likely solution structures of many of the substrates of

transglutaminase, It has been possible to group substrate sites
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according to their folded conformations and construct the set of rules
based on allowed occupancies of amino-acids at positions C-, and N-terminal
to labelling sites within type A, and type B substrétes (see section 10.1.).
It appears that there may be restrictions on the ;llowed distribution of
charged residues within each structural class of substrate. The nature of
the allowed distribution may have been previously obscured when both type
A and type B substrates were considered together.

Since the sequence at the active site of papain resembles a similar
sequence In transglutaminase it is possible to produce a theory which will
explain the observed specificity differences between folded and unfolded
substrates. The rules concerning transglutaminase specificity towards
protein substrates may not be entirely complete at present, but have been

found to be adequate for the purposes of:

1) successfully predicting the lack of reactivity of all non-labelled
glutaminyl sites within the globular proteins: Phosphoglycerate kinase
(yeast), phosphoglycerate mutase (yeast), the Hisaa;‘? Glngggs mutant of yeast
PGK, B-Bp crystallin, B-lactoglobulin and possibly a number of other
proteins including : bovine catalase, rabbit muscle aldolase etc [though
reactive sites have not been yet proven by direct sequencing of labelled

sites (see section 11.5)].

2) providing a suitable explanation for the lack of reactivity of a number

of exposed glutaminyl residues within denatured proteins.
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3) explaining the observed labelling stoichiometries of a number of denatured
proteins eg pepsin pH 8.0 and peptides, eg. the fifteen synthetic peptide

substrates of Gorman and Folk, (1984) (see Appendix I).

4) Predicting a number of labelling sites within model systems which may be
tested in order to further validate the rules themselves (eg. rabbit muscle
aldolase is predicted to be modified at positions GInys and Glng If the rules

are correct as they currently stand (see section 4.4.2.).

5) Providing an explanation for the differences in observed specificity between
the guinea pig liver transglutaminase and factor XIIla. A slight difference in
the distribution of charged residues at the active site of two
transglutaminases could explain the differences in specificity towards the two
enzymes If charged residues are Important determinants of substrate

effectiveness In proteins and peptides as has been suggested.

It would clearly be of Interest to test the validity of the rules by
Investigating the substrate properties of model peptides with positive and
negatively charged resldues at suitably favoured or disfavoured positions
relative to a reactive glutaminy! residue. The secondary structures of such
peptides could be tested by circular dichroism so that the appropriate set of

rules, (le. for type A or type B substrates) could be applied to the analysis

of results.



13.2, THE FEASIBILITY OF ENGINEERING SUBSTRATE SITES FOR
TRANSGLUTAMINASE INTO ANTIBODIES

As part of this thesis it has been shown possible t‘o engineer a novel
substrate site into proteins with retention of tertiary structure and functional
properties eg. PGK His:;t;> Glngge mutant (see chapter 6). There appears to be no
a priori reason why other proteins may not be similarly mutated in order to
introduce novel substrate sites for transglutaminase. The new site must be

introduced into proteins at a position which is :
1) not cruclal to the correct folding of the protein,
2) not near to substrate binding sites,

3) thought to influence the stability of the protein following translation.

This site must contain a highly exposed glutaminy! residue and it must obey
the charge rules (see section 10.4.). Antibodies are highly folded proteins and the
single example tested for its substrate characteristics, I1gG B72.3 (see Table 4.2.)
was unreactive towards tranéglutaminase, unless partly denatured. It may be
difficult to introduce an appropriately sized loop, (associated with reactive sites
in actin (see section 1.7.8.3.) into an antibody without affecting the functional
properties of the protein. It was suggested that the molecule might be persuaded
to refold by slow dialysls against a mixture of reduced and oxidized glutathione

after labelling. However the regeneration of the original tertiary structure was
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Fig 13.1. THE STRUCTURE OF AN ANTIBODY MOLECULE

The structure of a typical I1gG molecule is shown schematically above. The
antigen binding regions are located at the top of the diagram and the constant
regions are located in the lower three quarters of the structure. The high 8-
sheet content of the molecule is apparent and the individual strands are
depicted as arrows. The diagram is from Winter and Milstein (1991).

The antibody IgG consists of four chains, two heavy and two light. These are
constructed in a way that strings together domains of similar architecture. Each
chain is paired with another chain by lateral packing of the domains and also
by at least one disulphide bond. Each domain consists of two B-sheets which
pack together to form a sandwich, with exposed loops at the ends of the strands.
Thus the C (constant) domains have three B-strands in one sheet (strands C,F,G)
and four strands (A, B, C, D) in the other. The framework is highly conserved
in different antibodies and the individual domains resemble B, microglobulin
which has been shown to have substrate properties for transglutaminase (see

Appendix I).



considered unlikely under these circumstances (Dr B. Smith personal
communication).

The N- and C- termini of proteins have prdven to have substrate
properties for transglutaminase in a number of ca;es eg. B-lactoglobulin,
phospholipase A2, crystallins etc. Such region within antibodies represent
potential sites for engineering substrate sites for transglutaminase as long
as they are exposed and fulfil the criteria for reactivity indicated by other
model systems. Substrate sequences could be designed with a motif which
resembles other known sites eg the N-terminal sequences of the B-
crystallins. These putative substrate sites should be extensively modelled
using computer graphics prior to proceeding with their incorporation Into
model systems. This may avoid problems associated with unforseen
interactions of these sites with other reglons of the molecule. Such

Interactions could affect exposure of the glutaminy! residue and cause a

reduction in the substrate properties at this site.

13.3. PRODUCTION OF DESIRABLE IqG CONJUGATES

The specificity of transglutaminase for primary amlnes appears to be
understood (see section 1.6.3.). Therefore It should be possible to attach
covalently suitably long, unbranched, and uncharged amine groups to

compounds so that transglutaminase may catalyse their attachment to

reactive (possibly engineered) sites in proteins.
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PPENDIX I APPLICA OF HARGE RU PROT SUBSTRATES

[RANSGLUTAMINASE

. INTRODUCTION

In chapter 10 the charge rules [developed to understand transglutaminase
specificity] were applied to a number of proteins for which the modification sites
were known, In order to test their predictive power. Since the rules were
generally successful In the prediction of substrate sites within the model
systems tested, their use has been extended in this appendix to the main work

presented In this thesis. They are used here to:

1) predict the substrate sites within protein substrates of transglutaminase for

which the modification sites are not presently known.

2) predict the local conformation assoclated with some of the known substrate

sites of transglutaminase within portions of proteins which have not yet been

structurally characterized.

In most cases the number of predicted substrate sites compare well with
the maximum observed stoichiometry of modification of the proteins tested.
Moreover where specific glutaminy!l residues were strongly implicated on the
basls of experimental studies using limited proteolysis these also were the

residues predicted to have substrate properties by the rules.
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li, THE PREDICTION OF LABELLING SITES WITHIN A NUMBER_ _OF
TRANSGLUTAMINASE SUBSTRATES -

It should be noted that in no cases have proteins which have been
characterized In terms of their reactivity or lack of reactivity towards
transglutaminase and for which structural information Is available been omitted

from the discussion below.

i, HA G N

This was the only component of the intact virion to be labelled by
transglutaminase, and was modified to a stoichilometry of approximately 1.7 mol
putrescine/mol proteln monomer (Iwani], 1977). Freeze/thawing of the virions
increased labelling to 3.0 mol putrescine/mol protein. Under normal conditions
of maturation, the protein Is cleaved Into two polypeptides by the attack of
plasmin (Lazarowitz, 1973). The use of other proteinases such as trypsin and
chymotrypsin /n vitro can generate similar peptides. The application of such
proteinases to dansylcadaverine-labelled haemagglutinin quickly removed the
label from the proteln. Hence the labelling site appears to be associated with the
loosely folded regilon which Is accessible to both small enzymes such as trypsin
and chymotrypsin and larger enzymes such as plasmin and transglutaminase
(Iwanlj, 1977).

The protein (Hong Kong H3N2 strain) has been crystallized and a X-ray
structure |s available at 3 X resolution, (Wilson et al., 1981), see Fig 14.1. From
this r'nodel It Is possible to locate an appropriately “loosely folded regions™ which

may represent the reactive substrate site for transglutaminase. These are
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b 1. THE STRUC MAGG IN INFLU \'A

(a) Schematic drawing of the trace of the polypeptide in a subunit of
haemagglutinin (Hong Kong strain H3N2) produced following brumelain digestion.
The diagram is taken from Wilson et al., (1981) Regions of B-sheet are flat
twisted arrow-like bars and« -helix are tubes. The filled circles are disulphide
bonds. The intact glycoprotein exists as a trimer shown in (b).

A number of loop structures (connecting strands) are surface exposed and are
therefore particually susceptible to modification by 1) proteinases 2)
transglutaminase. The loop structure which is Implicated as a substrate of
transglutaminase by virtue of its structure and the labelling studies of Iwanij

(1980) is marked with an arrow.



located between residues 125-163 and 187-199. The conserved amino acid

sequences within these areas are shown in Fig 14.2..

-

+ 4+ + +*
125 T-W-T-G-V-T{Q{N-G-G-8-N-A-C-K-R-G~P-G~8-G-F~F-8-R-L~N-W-L-T-K-8~G-8-T-Y-P~ 163

187 -nfa}efa}r-8-L-v-v-q-a-8- 199

4 NO S F

AGG N

The C-terminus of haemagglutinin HAI, [haemagglutinin primary structure

is reviewed by Webster et al,, (1982)] contains a highly conserved glutamine
which could provide an appropriate substrate site in the intact HA molecule. The
charge rules do not disallow any of the glutaminy! residues within the sequences
shown In Fig 14.2. However steric limitations may restrict modification of
residues at the ends of these surface loops, and by analogy with the topology
of other known substrate sites GIn,;, and Gln,,, are predicted to have substrate

propertles for transglutaminase.

iv_HUMAN B-2-MICROGLOBULIN
Fesus et al, (1981) has reported incorporation of 1 mol/mol of methylamine
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into this protein. Human 8,-microglobulin contains three glutaminyl residues, two
of which (GIn,, and GIng) are conserved in all species where the proteln has

been sequenced. The glutamine containing sequences are shown in Fig 14.3..

-

S + + -
1 NH,~I-Q-R-P-T-K-I-Q-V-Y-S-R-H-P-A-E- 16
?

- -

* - ¥ -+
81 -H-V-T-L-T-L-S-Q-P-K-I-V-K-W-D-R-D-M~-COOH 98

Fig 14.3 SEQUENCES SURRQUNDING GLUTAMINES IN 8,-MICROGLOBULIN

The X-ray structure of B,-microglobulin, (Becker and Reeke, 1985) Is
composed of a B-barrel configuration dominated by two antiparallel B-sheets,
comprising three and four strands respectively, and is shown in Fig 14.4. None
of the glutaminyl residues appear to be within these regions of B-sheet
(residues 6 to 11, 21 to 28, 36 to 40, 49 to 56, 61 to 69, 77 to 82, 90 to 94). The
glutaminy! residues are located on the N-terminal region, and within the C-
terminus of the final loop structure of the proteln. Map densities were weak In
the areas 1 to 2, 41 to 45, 95 to 98. A disulphide bridge appears by analogy with
the 1gG structure to attach two of the B-sheet structures at positions Cys,, and
Cys,s and Is internal. Application of the charge rules suggests that only Glng,g
should have substrate properties and only if a type B substrate. This Is in

accord with the observed stoichiometry of 1.0 mol methylamine/mol protein

(Fesus et al,, 1981).
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(b)

Fig 14.4. THE STRUCTURE OF HUMAN 8, MICROGLOBULIN

(a) Stereo drawing of thedo-chain of & ,-microglobulin. Peptide bonds are
represented by single lines peptide bonds fn B-structure and disulphide bonds
are shown as darker lines. The view of the molecule is from down the
crystallographic Y axis, with X horizontal and Z vertical. The structure is mainly
composed of B-sheet and has its tertiary fold in common with antibody IgG
molecules. The position of glutaminyl residues are indicated by arrows. The
diagram is taken from, Becker and Reeke (1985).

(b) A comparison of the tertiary structure of microglobulin with the constant
region CH3 of human Fc (Deisenhofer et al., 1981).



v__RHODOPSIN (BOV

Bovine rhodopsin is a substrate for both Factor >ZIIIa and the liver
enzyme (see section 1.8.2.). The modificatlon sites have been determined for XIlla
using the succinylated substrate, (McwaelI et al,, 1986). The stoichiometry of
modlfication observed using the liver enzyme was only 1.0 mol/mol, (Pober et al.,,
1978). In this case non-succinylated rhodopsin was used as substrate. The
modification site(s) were shown to lie within the same external loop as observed
for factor XIIla modification (C-terminal region of FS1). The orlentation of the
protein within the membrane, and the potential modification sites are shown In

Fig 14.5..

321 K~-E-A-A-A-Q-Q-Q-E-S-A-T-T-Q-K-A-K-E 338

337  V-S-K-T-E-T-S-Q-V-A-P-A-COOH 348
61 V-T-V-Q-H-K-K-L-R-T-P-L-N-Y 74
4 A DIF ANSGLUTAMI W
HODOPSI

Application of the charge rules to bovine rhodopsin indicates that of the
seven glutaminy! residues exposed at the aqueous face of the disc membranes,
only three are compatible with the rules and these are present at positions

GIn,gg, GIn,,y,, and Gin,,, (see Fig 14.6.). Since Pober et al,, (1978) used both
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Transglutaminase is thought to be able to gain access to the cytoplasmic side of
the retinal discs. Hence the two loops (A6 and the region from Lys,;, to Glu,,,
) extending from the lipid bilayer of the membrane together with the C-terminal
portion (Gln,,,~Ala,,,) represent potential substrate sites for transglutaminase.
The glutaminy! residues on the luminal side are not accessible for reaction. The
residues known to be reactive towards factor XIIla are indicated by arrowsv.The
Glutaminyl residue which is predicted to be the most reactive towards
transglutaminase on the basis of the surrounding sequence is also indicated with
a star. The model is from Ovchinnikov, (1987).



putrescine and dansylcadaverine to label the protein the observed
stoichiometry of 1.0 mol amine/mol protein may be explained by the

following:

The -Q-Q-Q- sequence was the same site of laI)elllng as observed by
McDowell et al., (1986). using factor XIIla with reductively methylated
rhodopsin. However GIn,,, was not modified due to the lysine at position
Lys,,s and Gln,,, was not modified by transglutaminase due to the negative
charge at the carboxyl terminus ie. Alay,,. All the other exposed glutamines
have positive charge In their C-terminal regions which Is expected to
reduce their substrate properties. It is finally necessary to explain why

this substrate does not become modified to a stoichiometry of 3.0 mol

amine/mol peptide. This may be explained by:

1) the steric argument (in the case of dansylcadaverine modlfication)

2) by the charge rules in the case of modification with putrescine.

McDowell et al., (1986) observed only 65 % modification of each of the
glutamines In the -Q-Q-Q- sequence. The same degree of modification Is
considered likely in the case of the guinea pig liver modification. All three
residues will have substrate properties, but after attachment of the first
dansylcadaverine or putrescine molecule further modiflcation of
surrounding groups will not be possible. In the case of dansylcadaverine
the large bulky group will not allow transglutaminase to approach closely
enough to attach a second group. In the case of putrescine the modification
of any glutamine will Introduce Aposltive charge which will inhibit further

reaction of nelghbouring glutamines over and above any effects caused by

steric blocking.
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vii MAJOR HISTOCOMPATIBILITY ANTIGENS

Pober and Strominger (1981) have demonstrated that 1 mol/mol of
amine may be incorporated into the cytoplasmic C:termlnus (Fig 14.7) of
membrane bound HLA A2 and B7. The X-ray structure is determined for the
extracelluar portion of this proteln, (Bjorkman et al,, 1987) but this does

not include the reactive residues (see Fig 14.6.).

! | d
1] @Qé},ﬁ\-s G-Gﬁ{—e—e—s-v-s- A-Al-Cts{0>s-A-Ql-G-S{D}V-S-L1

T

2] /R_)\/R @/é{&-e-e-s—v—s—p A-A-S-5{DrS-A{Q{G-S{DrV-S-L-
1 1

ig 14.7. SEQUENCE OF C-TERMINUS OF HLA A2 AN HLA B c—2

Positively charged residues are_in_triangles and_negatively charged

residues are [n circles. Residues in_egivalent positions are boxed

The conformation of these sequences Is not known, but may be quite
flexible since these domains may be readlly excised by limited proteolysls,
(Gulld and Strominger, 1984). The application of the rules Indlcates that
both Gin,,, and Glng,, of the Cc-termini of HLA-A2 and HLA-B7 are predicted
to act as substrates for transglutaminase. However these sequences must
be type A substrates for this to be allowed in both cases. If these
sequences were considered type B, then both sites would be disallowed on
the basis of the distribution of negative charge within the surrounding

reglions. That flexibility exists in this region is indicated by the
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Fig 14.8. THE STRUCTURE OF THE HISTOCOMPATIBILITY ANTIGEN HLA-A2

(a) Arrangement of the HLA- antigen in the membrane, with the hydrophillic
peptide shown inside the cell membrane. The model is from Strominger et al.,

(1976).
(b)

Schematic drawing of the trace of the heavy and light chains of papain
solubilized major histocompatibility antigen HLA A2/B7. Regions of B-sheet are
arrow=-like bars and & -helix are tubes. The light chain (Bz-microglobulin is
depicted in association with the heavy chain. This is also a substrate for
transglutaminase and is shown in Fig 14.4. The extracellular portion of the heavy
chain of HLA-A2 resembles an antibody molecule in its domain structure. It
extends into the membrane and terminates in a C-terminal cytoplasmic “tail"” (see
a). The structure of this part of the molecule is not known and this region has
substrate properties for transglutaminase, while the extracellular portion does

not. The diagram is taken from Bjorkman et al., (1987).



results of limited proteolysis of this region using P.frag/ proteinase (which
cleaves peptide bonds after aspartate and cystelne side chalns In small
hydrophilic peptides). This enzyme will quickly (30 min) exélse the C-terminal
region of HLA molecules when used at low concentrations (1:1‘00 wt/wt) but does
not appear to cut elsewhere within HLA-structure. Mutation experiments carried
out within this region show that the amino aclds coded by exon 7 appear most
important in terms of the ability of molecules to be endocytosed. This sixteen
residue reglon contains Gln,,, which may be an endogenous substrate of
transglutaminase. It has been previously noted that transglutaminase may have
some physiological role related to endocytosis of serum proteins (ego(—z-
macroglobulin) at coated pits. Vega and Strominger, (1983) have attempted to
find common sequence motifs within the C-terminal sequences of a number of
endocytosed proteins with limited success. It may be significant that many of

these sequences contain glutamine residues and therefore are potential

substrates of cytoplasmic transglutaminases.

From the X-ray structure of haemoglobln (see Fig 14.9) It Is clear that the
glutaminyl side chains are not sufficiently exposed to be highly effective
substrates for transglutaminases. However it may be that the differences In
labelling observed between horse and human haemogliobin (Brenner and Wold,
1978) reflect slight differences in substrate effectiveness and were not artifacts
caused by the partial denaturation of samples. Application of the rules to the
seduénces surrounding the three glutaminyl residues located within the < and

B chains of human haemoglobin indicates that Gin,, of the A chain should be a
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B-chain horse methaemoglobin

(a) The packing ofl- and B- subunits into the haemoglobin tetramer.

(b) Although the diagrams are of horse haemoglobin, the sequence and tertiary
fold are almost identical to that of the human protein. The network of hydrogen
bonds stabilizing the structure of thed -chalin and the B-chain of horse

haemoglobin. Full

lines represent covalent bonds,

broken lines represent

interactions involving side-chain atoms. Bonds in helices are shown as a half
figure of eight. The diagrams are from Dickerson and Geis, 1983

Symbols: Open circles = external residues.



substrate (though a poor one) of transglutaminase when fully denatured. If this
residue is sultably exposed, it may also be a substrate in the folded form.
Glutaminyl residue Glngg of the B-chain would be disallowed on the basls of the
positive charge at position +1 whether folded or denatured.‘ Glutamine GIn,,, is
predicted to be a poor substrate (positive charge at position +5) In the
denatured form and to not be a substrate in the folded form even If exposed
(negative charge at position -6). Glutamine Gin,,, Is not predicted to be a
substrate In any circumstances due to the presence of a positive charge at

position +1. These predictions are In accord with the current state of knowledge

of the 3-D structure, and the known sites of labelling of human haemoglobin.
RO NS AND PE DE W IN S UR

viil .%-GLIADINS

The glutamine rich N-terminal region of X- A gliadin may be important in
the promotion of coeliac disease in susceptible Individuals. Conformational
studies (c.d. spectroscopy) suggest that this region in A-gliadin Is composed of
type (I/11I) B-reverse turns (Tatham, et al., 1990). Similar structure was
predicted Qslng the method of Chou and Fasman (1974), (Tatham, et al.. 1990) and
this may explain the spiral structure observed using scanning tunnelling
microscopy of the protein (Miles et al., 1991) . Although its substrate properties
for transglutaminase have been noted (Porta et al., 1990), no figures relating to
the stoichiometry of modification of the®-gliadins by transglutaminase were
published. The primary amino acid sequence of the N-terminus of A-gliadin is

shown In Fig 14.10.
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s VPVPQLQPQNPSQQQPAEQVPLVAQQQF LGAAQPF PPQQPY PQPQPF PSQQP,,

-

Fig 1410THE N-TERMINAL SEQUENCE OF A-GLIADIN (WHEAT)

The application of the rules to the N-terminal sequence of A-gliadin (Kasarda,
1980) suggests that many of these glutaminyl residues are predicted to have
substrate properties both as either type A or type B substrates. Thus the
substrate properties of this protein are in accord with those predicted by the

rules.

ix. SYNTHETIC PEPTIDES

Since the synthetic peptides tested by Gorman and Folk, (1984) and Folk,
(1983) were not Iincluded in the formulation of the original rules it is of interest
to see how the changes in Km observed for a variety of amino acid substitutions

within two synthetic model peptide substrates correlate with the rules, ie.

1) does the Km for a particular substrate rise when a substitution predicted to

be unfavourable by the rules is tested?
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2) Conversely; does the substitution of an amino acid side chaln which Is
predicted to be unfavourable by the rules, for one which is not predicted to
reduce substrate properties cause the expected decrease Ir; Km.

Since all of the peptides tested were relatively short and did not have the
type of charge distribution considered favourable for the stabliization ofo¢-
helical structure, It seems likely that most of these peptides were either lacking
in folded secondary structure or were in rapid equilibrium between folded
forms. Hence the rules governing flexible (type A) substrates would be expected
to explain the observed pattern of reduction or increase in Km following
substitution.

In most of the peptides tested as substrates, positive charge was located
at position +2 which is predicted to be allowed but unfavoured. Thus the
relatively high Km values obtalned for the action of transglutaminase on these
peptides (in the 1.0 to 5.0 mM range) can be explained. In no cases were
resldues In the C-terminal region to the glutamines substituted for positively
charged residues, nor was a negative charge tested at position +4 relative to the
reactive glutamine hence according to the rules it Is not surprising that single
substitutions of Gly, Ala or Ser within these peptides had little obvious effects
on transglutaminase specificity. Indeed cumulative substitutions of up to three
Ser residues within regions allowed by the rules had little effect on the
specificity of the enzyme towards such substrates. These observations are in
accord with the speclificity rules for type A substrates.

Gorman and Folk, (1984) noted that N-terminally succlnylated derivatives
of peptides containing a positively charged lysine residue at position +2
(relative to the glutaminyl residue) are not better substrates than the non-
succinylated analogues and that this may be due to the unfavourable positive

charge assoclated with the lysine residue. However when the N-terminal residue
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of a peptide lacking in positive charge at this position (Lys to Ala
substitution) was N-succinylated, its substrate properties were seen to
improve with this modification. Moreover bis—succin'ylation of both the N-
X-terminus and the (i—NH2 of the lysyl- amine grou'p Increased substrate
properties despite the +VE->» -VE charge reversal and the increase in steric
hinderance about the reactive glutaminyl residue. These findings are also
In accordance with the rules.

The overall results of the work done on model peptides are not
Inconsistent with the determinants of transglutamlinase specificity which
have been suggested In chapter 10. It appears that the presence of
hydrophobic groups also favours reactivity of such model substrates,
particularly in the region C-terminal to the glutamine and this is In

accordance with the likely hydrophobic nature of the active site of the

enzyme.

xi PORCINE PEPSIN

OXIDIZED PEPSIN

Porcine pepsin has been sequenced from the protein (Tang et
al.,(1973), and an X-ray structure (see Fig 8.5.) is available for the protein
(Andreeva et al., 1977). It is evident from the c.d. spectra and the
modification data that most of the secondary structure of pepsin Is retained
at pH 8.0 In the absence of reducing agents (see section 8.3.2.1.). From
modification experiments 2.0 mol putrescine/mo! pepsin was observed to be
the maximum stoichiometry of labelling of the oxidized proteln.

The X-ray structure of pepsin shows that the proteln is extenslvely

folded into a bilobed globular structure, largely composed of B-sheet, 8-
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turn and loop structures. Glutaminyl residues Glnyyy, Glnyy and Ging, are
located within +1,+4, and +5, residues respectively from disulphide bonds.
The conformational restriction due to these bonds in other proteins (Toda
and Folk, 19539) appears to reduce substrate properties of adjacent
glutaminy! residues. Glutaminy! residue Glnm is located midway between
the disulphide bond formed between Cysyy and Cysy, and therefore may
also be more conformationally restricted than glutaminyl residues which
are not located within these structures. In the absence of DTT
approximately three fewer sites were avallable compared to the reduced
protein indicating a higher degree of folding In the oxidized protein than
may simply be explalned by steric blockage of glutaminy! residues in the
immediate vicinity of the disulphide bridges. Although most of the
glutaminy! residues within pepsin are located within regions where steric
restrictions would be expected to preclude their reaction with
transglutaminase, the glutaminyl residues in the N- and C- termini ie Glnyg
and Glny, may have sufficient local flexibility at pH 8.0 to have substrate

properties especlally since the surrounding residues do not contravene

the charge rules described In chapter 10.

uc PS

Following the Incubation of porcine pepsin with DTT the maximum
stolchiometry of modification the protein by transglutaminase was raised
to 6.0 mol putrescine/mol protein. The increase in the substrate properties
of the protein are explicable on the basls of the ability of DTT to cleave
one or more disulphide bonds within the molecule, followed by a loosening

of the proteins structure and the exposure of reactive glutaminyl residues
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The sequence of porcine pepsin is shown in appendix IIT (ix).
Inspection of the sequence indicates that the protein is extremely rich in
negative charge, and contains few positively charged side chains. Thus the
lack of reactivity of glutaminyl side chains which h‘ave reduced substrate
properties in the presence of DTT may not be explained simply on the basis
of the inhibitory action of local positively charged residues. These residues
must therefore either be sterically hindered from reaction, or the presence
of specific residues other than Lys and Arg eg. certain negatively charged
residues may be Inhibitory to reaction in particular positions relative to
glutaminy! residues (see section 10.4.).

Application of the charge rules, indicates that Gin,, would not be
expected to have substrate properties if considered either type A or type
B substrate. Independently of the restrictions imposed on substrates by the
charge rules, other amino acid side chains have been noted as potentially
unfavourable to reactivity of glutaminyl residues eg. cysteine, tryptophan
phenylalanine etc. (see section 10.2.2.).

There are a total of thirteen glutaminy! residues within porcine pepsin
and application of the specificity rules described in chapter 10 for either
type A or type B substrates at each site predicts that seven and ten sites
respectively should be reactive in each case. Most of the sites would be
expected to be type A under reducing conditions and hence the predicted
number of sites compares reasonably with the experimentally determined
maximum stoichlometry of 6.0 mol dansylcadaverine/mol pepsin. The single
modification site determined for transglutaminase within reduced pepsin le.
Gln,,, (see section 8.3.2.2.) obeys the rules if considered a type A (flexible)
substrate which is reasonable given the partially denatured state of the

protein during its modification by transglutaminase.
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xii OTHER PROTEINS TESTED AS PART OF THIS THESIS

-

A number of other substrates of transglutaminase for which maximum
labelling stolchiometries are known, have high resolution crystal structures
avallable and their substrate properties have been considered in terms of
the exposure of their glutaminyl residues elsewhere in this thesis. In the
case of aldolase (see section 4.4.2.) application of the rules predicts the
same number of potentially reactive sites as are predicted purely on the
basis of exposure of side-chains le 2/monomer as is observed. In the case
of ‘;catalase (see sectlon 4.4.3.) five glutaminy! residues appear to be
sufficlently exposed for transglutaminase to modify them. The charge rules
predict that two of the exposed residues will not be efficient substrates.
This reduces the number of potentially reactive sites to three, which is

observed to be the maximum labelling stoichiometry.

xiii SUMMARY

The partially characterized substrates of transglutaminase considered
in sections iil. to xii. show similar; patterns of reactivity to that seen In the
better characterized substrates which are discussed In section 1.7.. In some
cases substrate sites must be strictly defined as either type A or type B
in order to understand why charged residues neighbouring a glutaminy!

residue do not cause the glutaminy!l site to be unreactive towards

transglutaminase.
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APPENDIX TI

[ ASSAYS
1) 3-PHOSPHOGLYCERATE KINASE (PGK)

PRINCIPLE

1) glycerate-3-P + ATP === glycerate-1,3-P, + ADP

(2) glycerate-1,3-P, + NADH + H* ST=—— GAP + NAD* + P

The change in optical density at 340 nm per unit time is a measure of the PGK activity.

Stock solutions

I. Triethanolamine buffer, 0.1 M, pH 7.6 (1.88g triethanolamine

hydrochloride/100 m1, adjusted to pH 7.6 with 1N NaOH)

II. ATP solution, 32 mM (20 mg ATP,Na salt/ml).

III. Glycerate-3-P soln, 93 mM (50 mg glycerate-3-P, CHA-salt/ml).

IV, NADH soln, approximately 12 mM (10 mg NADH, Na-salt/ml).

v. EDTA soIn, 27 mM [10 mg. EDTA/m1 triethanolamine buffer (I.)}

VI, Magnesium sulphate solution, 0.1 M (2.479 MgS0,. 7 H,0/100 m1).

VII. Glyceraldehyde-3-phosphate dehydrogenase, from rabbit muscle, GAP-DH,

crystalline suspension in ammonium sulphate solution (10 mg/m1), approx. 80 U/ml

Sample. [10 mg/ml PGK (450 U/mg) diluted 1:5000 with ice cold triethanolamine buffer (I.)

immediately before the measurement,
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Assay mixtures

To 2.5 m1 of solution (I.) add: 0.1im1 solution (II.)
0.2 ml solution (III.)
0.05 m1 solution (IV.)
0.1 m]1 solution (V.)
0.06 m1 solution (VII.)

0.01 m1 solution (VII.)

Mix the ingredients by inversion of the tube, then add 0.02 ml1 of an appropriately diluted
gsample containing the enzyme. Read the optical density after t, 2, 3, and 4 min and

calculate the average change in 00340/min.

Calculation

Volume activity (U/ml)= sccecescccconconcacea- X Change in OD/min

Volume activity

Specific activity (U/mg)

-y o o 8 00 2 e n - v

Protein concentration
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2) CATALASE

Principle

catalase

2 H,0, >2 Hy0 + 0,

The change in optical density at 240 nm per unit time is a measure of the activity of

catalase activity.

Solutions

i) Phosphate buffer 50 mM, pH 7.0

it) Buffor/Hzoz add to 50 m1 of buffer 1) 0.06 m1 of 30X Hzo2 and mix, Adjust the optical

dengity of the solution to 0.5 at 240 nm (d = 1 cm).

Assay system

To 3 m1! of buffer 11, add 20 ul of an appropriately diluted sample of catalase. Mix and

measure how long it takes for the 0.0.240 to drop from 0.45 to 0.40. The amount of enzyme

should then be adjusted for tis to take 20 s.

The volume activity may then be calculated and the specific activity is the volume activity

divided by the protein concentration.

17 x 13.1

Volume activity =

time (8) x 0.02

228



IMAGING SERVICES NORTH

Boston Spa, Wetherby
West Yorkshire, LS23 7BQ

www.bl.uk

PAGE MISSING IN
ORIGINAL



APPENDIX TIT

GOOD SUBSTRATES FOR TRANSGLUTAMINASE

i. RABBIT ACTIN (MUSCLE)

Ac-D-E-T-E

-V-G-M-G-Q

~F=I~G~M-E

-A-D~R-M-Q

-

K-

A

G

I

L~

1-
T-

V-

H-~

A~

C-

E~

L=

T

A

T

P

g~

Y=~

S~

L

-

8

L]

V-~K

I-M

K-I

A

K

K

G

c

I

o]

I

~A-G

-I-D

-A-P

-Q-Q-M-W-1-T-K-Q-E-Y-D-E-A-G-P-8-I-V-H-R-K-C-F

D~

P-

I~

P-

D~

E~

A-

R~

[

N-

D~

K-

Sequence from : Woodrum, D.T. Rich, S.A., and

, 231 -237 (1975).
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R-A-V

R-E-K

L-Y-A

Y-8-v

~F-P-
-G-I-

-M=-T~

~H-N-

-W-I-

[~

V-G

M~F

8$-G

s-I

R-
D-

G-

L-

z

x

Pollard, T. D. J. Cell Blol. 67



ii. RABBIT ALDOLASE (MUSCLE)

-

P-H-8-H-P-A~L-T-P~E~Q-K~K-E-L-8-D~I~A~H-R-I~V~A-P~G-K-G-I-L~A-A-D~Q-8~T-G-8~I-A-K~R-L-Q-

8-1-G-T~E-N-T-E-E-N-R~R-F~Y~R-Q-L-L~L~T-A~D-D-R-V-N-P=C-T-G-G--V~I
~D~G~R-P-F-P-Q-V-I-K-8~K~G~G~V-V~G~I~K-V-D~K-G-V-V~P-L-A-G-T-D-G-E
~R=-C~A=Q~Y-K-K~D-G-A~D~F=A~K-W-R-C-V~L~K~T-G~Q-H-T-P=G~A=L~A-I-M-E
-C-Q-Q-N-G~P~I~E~V-P~E~I~L-P-D-G-D-H-D-L~K~R~C-Q-Y-V-T~Q-K-V-L-A-A
-L-Q-G-T-L-L~K~P~H-H-V-T-P~G-H-A-C-T~Q-K-Y~8-H-Q-Q-I~A~M~-A-T~-V-T-A
-V-T-F-L-8~G-8~-E~E-E~E-G~A-8~I~N~-L-N~A-I-N-K-C~P-L-L~W-P-K-A-L-T-F
-K~A-W-G-G-K~K-E-N-L-K-A-A-Q-E~E~Y-V~K-R-A-L-A-N-8-L~A~C~Q-G-K-Y-T

-8-L-F~I-8-H-H-A-Y

L-F-
T-T-
N-A-
V-Y-
L-R-
8-y~

P-8-

H-
T~
N-
K-
R~
G~
G~

E
Q
v

-L-Y-Q-K-A-D

L~

Ve

A-

A~

T
G-L
L

A

S

P

L

G

-D~G~L-8-E
-R-Y-A-8-1
~N-H-H~I-Y
~P-A-V-T-G
-Q-A-S-A-L

~A-A-A-S-E

Sequence from : Tolan, D.R., Amsden, A.B., Putney, S.D., Urdea, M.S., and

Penhoet, E.E. (1984) J. Biol. Chem. 259, 1127 - 1131,

if. HUMAN LIPOCORTIN 1

H~A~M-V~8=E~F-L~K-Q-A-W-F-T~E~H-E-E-Q-E~Y~V=Q-T-V-K-§-8-K-G-G-P-G-8=A-V-8-P=~Y=-P-T~F~N-P~

8-8-D-V-A-A-L-H=K-A-1-M-V-K-G-V-D~E~A-T-I-I-D-I~L-T-K-R-H-N-A--Q~R-Q-Q-1-K-A-A-Y-L-Q-E-T

~G-K=P-L-D~E-T-L-K-K-A-L~T~G-H-L~E~E-V-V~L~A~L-L=K-T~P~A-Q-F-D~A~D-E~L~R~A-A-M-K-G-L-G~T

-D~E~D=T~L-I-E-I-L-A-8-R-T-N-K-E-I-R-D~I~H-R-V-Y~R-E~E~-L-K-R-D-L~A-K-D-I-T-8-D-T-8-G-D-F

~R-MH-A-L~L-8-L-A-K-G-D-R~8~E~D~F~G~V-N~E-D~L-A-D~8~D-A~R-A-L~Y~E~A~-G-E~R~R~K-G-T-D-V-N-V

=F<N-T-I-L-T-T-R-8-Y-P-Q-L-R-R-V-F-Q-K-Y~T-K-Y-8=K-H-D-M-H-K-V~-L-D-L~E~L-K~G-D-T~E~K-C-T

-T-A~I-V-K~C-A-T-8-K-P-A-F-F-A-E-K-L~H-Q-A-M-K-V-G-V~T-R-H-K-A~L-I-R-I-M-

V-8-R-8§~E~I~D-M-N-D~I-K~-A-F~-Y-Q-K~M-¥-G~I-8-L-C-Q~-A~I-L~-D-E-K~G-D-Y-E~K-I~-L-V-A-L-C~G-G~H

Sequence from : Wallner, B.P., Mattaliano, R.J., Hession, C., Cate, R.L., Tizard,

R., Sinclair, L.K., Foeller, C., Chow, E.P., Browning, J.L., Ramachandran, K.L.,

and Pepinsky, R.B. (1986) Nature, 320 , 77 - 80.
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iv. PORCINE PANCREATIC PHOSPHOLIPASE A2

-

A~L~W-Q-F-R-8~M-I-K~-C~A-1-P-G-8-H-P-L-M-D-F~N-N~Y-G-C-Y-C-G-L-G-G-8-G-T~P=V-D-E-L-D~R-C-
C-E~-T~H~-D-N-C-Y-R-D~A~K~H-L-D-8~C~K~F~L=V~D=N~P~Y~T~E~§~Y-§-Y~§=C-8-N-T-E~I~-T-C-N-8~K-N-

H-A-C~E~A-F-T=C=N-C=D-R=~N-A~A~I-C~F~8=K-A-P~Y=N-K~E-H~-K-N-L~D-T-K-K~Y~C

Sequence from : Waite, M. (1987) The phospholipases: Handbook of lipid

research, Vol 5, Plenum Publishing corp., New York.
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v. PHOSPHOGLYCERATE KINASE (YEAST) HIS,., GLN,.. MUTANT

-

8-L-3-8-K-L-8~V-Q-D-L-D-L-K-D~K-R-V-F-I-R-V-D-F~N-V=~P-L-D-G-K-K-I-T-8-H-Q-R-I-V-A-A-L-P-

T-I-K-Y-V-L~E-H-H-P-R-Y-V-V=-L-A-8~H-L-G~R-P-H-G-E-R-N~E-K-Y~8~-L-A-P-V-A-

~K-D-V-T=F=~L-N-D-C-V~G-P-E~V-E-A-A-V-K-A~§-A-P-G-S-V-I-L~-L-
~D-G~Q-K-V-K-A-8-K-E-D-V-Q-K-F-R-H-E~L~8§-8~L~A-D=V=Y~-T~H=D-
-D-L-P-Q-R-A-A-G-F-L-L-E-K-E~L~K~Y~F~G~K~A-L-E-N-P-T-R-P-F~-
~I-D-N-L-L-D~K-V-D-8-1-~I~G~G-G~M-A-F-T~F~K-K-V~L-E-N-T~E-
=K-L-N-E-K-A-K-A-K=G-V~E-V-V-L~P~V-D-F~I-I~A-D-A-F-D~A-S-A-
-Q-G-L-D-N-G-P-E-8-R-K-L~F~A-A-T-V-A-K~A-K-T-I-V~W-N-G-P-P~
“L~D-E-V-V-K-8-8-A-A~G-N-T~V-I-I-G~G~D-T~A-T-V-A-K-K-Y-G-V-

~E-L-L~E~G-K~E~L-P-G-V~A~F~L~8~E~K-K

E-N
A-F

L-A

-L

~R

~G~T-

-1

-L

I-G-D-S

N-T

G-V

T-D

-K

-F

~-K

-T

~E
-1

Y-H-I-

A-H-R-

G-G-A-

I-F~D-

vV-T-D-

F-E-K-

8-H-V-

K-E-L-
E-E~E-
A-H-8-
K-V-A-
K-A-G-
K-E-G-
F-A-A-

8-T-G-

Q-8~L-L~-G

G

S

D

A

~8-R-K-V

-M

-K

-E

-p

-T

~G

V-G-F
I-Q-L
I-v-p
A-G-W
K-A-L

A-S-L

Sequence from : Hitzeman, R.A., Hagie, F.E., Hayflick, J.S., Chen C.Y.,

Seeburg, P.H., and Derynk, R. (1982) Nucleic acid Res. 10, 7791 - 7808.
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vi. BOVINE B-CASEIN

R-E~L-E-E~L-H-V-P-G~E~I-V-E-8-L-5-8-8~E~E~8-I~T~R-I-H-K~K-I-E-K-F-Q-8-E~E~Q-Q-Q-T~E~D~E-
L-Q-D~-K-I-H-P=F~A-Q-T~Q-8-L-V-Y-P-F-P-G-P=I~P-H=§~L-P-Q-N-I-P=-P=L-T-Q-T-P-V-V-V-P=-P-F-L
-Q-P-E~V-M-G-V=-8-K-V-K~E-A-M-A-P-K-H~K=E~M-P~F~P~K-Y~P~VY~Q-P~F~T-E~8-Q~8~L~T~L-T-D-V-E~N

=L=H-L=-P-P-L-L~L-Q-3-W-M-H-Q-P-H-Q-P~L~P~P=T=V~M-F-P-P-Q-§-V-L-8-L-8-Q=8~K-V=L~P~V~P-Q-K

-

~A-V-P-Y-P-Q-R-D-M-P-1-Q-A-F-L-L-Y~Q-Q-P-V-L~G~P-V-R-G-P~F~P-I-I~V

Sequence from : Holt, C., and Sawyer, L. (1988) Protein Engineering 2, (4)

251 =259,

vii, BOVINE RHODOPSIN

M-t
F-L

G-G

F-C

W-L

-G~

p

T

Y

-E
-M
-7
-V
-E
-Q

-A

G-P-N

~F

L-G-F-P

T-L-Y
v-v-C
G-M-Q
L-V-F

G~-V~A

~-T

-K

-C

~Y-V~-P-F-8-H-K-T-G-V~V-R~S~P~F

~I-N-F=L-T-L-Y-V=T-y-
-8-L-H~G-Y~-F-V~F~G-P-
-P-M-8-H~F-R~-F~G~E-N-

~8-C-G-I~D-Y-Y-T~P-H-

Q
T
H

E

~T-V-K-E-A-A-A-Q-Q~Q-E-8

-F

-Y-1-F-T-H-Q-G-8~D~F~

G

~H

-G

-E

~-A

-P

-T-Q

-I-F-M

~-T

A~

I-

p-

P~

Q-Y-

L-H

-F

Y

F

L

A

K

- T <

P-W

Q-F

v~y

~8-M-

-N

L

v

M-N-K~Q-F~R~H~C~M~V-T~-T-L~-C-C-G-K-H-P~-L.~-G~D~D-E-A-8§-T-T-V~8~K~T~E~-T-8-Q-V~A-P-A

Sequence from
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viii. BOVINE B-Bp CRYSTALLIN

-

Ac-A-8-N-H-E-T-Q-A-G-K-P~Q-P~L~N-P-K-I~I~1~F~E~Q-E~H~F~H-G~H-8~Q-E-L~N-P~G~N~P-C-L-K-E~T
~G-V-E-K-A-G-8-V-L-V~Q-A=G-P-W-V~G~Y-E-Q-A-H~C-K-G-E~Q-F-V-F-E~K-G-E~Y-P-R-W-D~8~W-T-8~8
~R-R-T~D-8-L-8-8~L~R-P~I~K-V-D~8-Q~E~H=K~I-T-L~-Y~E~N-P~H~F ~T~G-K~K~M~-E ~V-I-D=D~D~V~P~S~F
-H-A-H~-G-Y-Q-E-K-V-8-8-V-R-V-Q-8-G-T-W-V-G-Y~Q-Y-P-G~Y~R~G-L~Q-Y=-L-L~E~K-G-D-Y-K-D~8-G~D

~F=G~A-P-Q-P-Q-V-Q-8-V-R-R~I~R-D~H-Q-W-H~Q-R-G~A-F-H-P-§-S

Sequence from : Driessen, P.C., Herbrink, P., Bloemendel, H., dedJong, W.

(1981) J. Biochem. 121 , 83 - 91.

Ix, PORCINE PEPSIN

1-G-D-E~P~L~E-H-Y=L-D=T~E~Y~F~G-T-I~G-I~G-T~P=A~Q=-D~F=~T-Y~I-F~D-T~G~S~G~N=L-W-V~P-8-V-Y=
€-8-8-L-A-C-8-D-H-D-Q-F~H-P-D-D-8-8-T~F-E-A-T-8-Q-E-L-8-I-T-Y=~G-T~G-8-M-T-G-I-L~G-Y-D-T
“V-Q-V-G-G~-I1-8-D-T-1-Q-I-F~G-L-8~E~T~E~P~G~8~F-L~Y-Y~A-P-F~D-G-I-L-G-L-A-Y-P-S-I~8-A-S-Q
-A=T-P-V-F-D-H-L-W-D-Q-G~L~V-8-Q-D~L~F~8~V~Y~-L-8-8-N-D-D~8-G-8~V-V-L-L~G-G-I-D-8-8-Y-Y-T
~G-8~L-N-W-V-P-V-8-V-E~G-Y-W-Q-1~T-L-0-D~8~I~T~M~D~G~E~T~I~A~H-I-Q-8-D~I~G-A-S~E~N-8-D-G
~E-M-V-1-8-C-8-8-1-D-8-L-P-D~I-V-F-T~I-N-G-V-Q-Y-P-L-8~-P-8-A-Y-I-L-Q-D-D-D-§-C-T-8-G~F~E

-G-M-D-V-P-T~8-8~G-E-L-V-I~L~G~D~-V-F-I-R-Q-Y-Y-T-V-F-D-R-A~H-K-V-G-L-A-P-V-A

Sequence from : Tang, J., Sepulveda, P., Marciniszyn, J., Chen, K.C.S.,

Huang, W.-Y., Tao, N., Llu, D., Lanier, J.P. (1973) Proc. Natl. Sci. U.S.A. 70

, 3437 - 3439.
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x. BOVINE O8-LACTOGLOBULIN

-

L-1-V-T-Q-T-M-K-G-L-D-I1-Q-K~V-A-G-T-W~-Y=-8=L~A~M-A~A-8~D~I~§-L~L~D~A-Q-8-A-P-L-R-V-Y-V~E~
E-L-K-P-T-P-E-G-D-L~E~I~L~L-Q-K-W-E~N-(D/G)E-C-A-Q-K~K-I~I~A-E~K~T-K-I~P~A-V~F=K~L-D~A-1
-H-E-N-K-V-L-V-L-D-T~D-Y~K~-K-Y~L~L~F-C-M~-E~H-8~A~E-P-E-Q-S-L~(V/A)-C~Q-C~L~V-R-T-P~E-V-D

~D-E-A~L-E-K-F-D-K-A-L-K-A~L~P-M-H~I~R-L~8-F-N-P-T-L-Q-E-E-Q-C~H-1

Sequence from : Braunitzer, G., Chen, R., Schrank, B., Stang, A. (1973)

Hoppe-Seyler's Z. Physiol. Chem. 354 , 867 - 878.

i. M TIN

G-1-K-A-V-L-K=V-L-T=T~G-L-P-A~L-I-8-W-I-K-R-K-R-Q-Q

Sequence from : Habermann, E., (1980) in: Natural toxins (Eaker, D. and

wadstrom, T. eds).
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POOR SUBSTRATES (< 1.0 mol amine/mol protein_incorporated)
xif, BOVINE PANCREATIC RIBONUCLEASE A

K-E-T-A-A-A-K-F~E~R-Q-H-M-D~5-8-T=8-A-A~5-8=8~N-Y~C-N-Q-M-M-K~-§-R-N-L~T-K-D-R-C-K-P-V-N-
T-F~V~H-E~8-L-A-D~V-Q-A-V-C~S-Q-K-N~V-A-C-K-N-G-Q-T-N-C-Y~Q-5-Y~8-T-M-8-I-T-D-C~R-E-~T~G-

§-8-K-Y-P-H-C~A-Y-K=T=T=Q-A~N-K=-H=-I~I-V-A-C-E-G-N-P-Y~V-P-V-H-F-D~A-S-V

Revised sequence from: Smyth, D.G., Stein, W.H., and Moore, H. (1963) J. Biol.

Chem., 238 , 227-234.

Hote: Disulphide bridges are between residues Cyszsand Cysa4, Cysso and Cysg5. Cysgg and

Cysqqor and Cysgsg and Cysq,.

i GG _LYSOSYME

K-V-F-G-R-C-E~L-A-A-A=-M-K-R=H-G=L-D=N~Y~R~G=Y=8=L ~G~N-W-V=C~A-A-K~F~E-8-N-F-N-T-Q-A-T-t~
R-N=T=D~G-§~T-D-Y~G-I-L-Q-I-H-8~R-W-W-C-D-N~G-R-T-P-G~S-R-N-L-C~N-I-P-C~S~-A-L-L~8-8-D-I~

T-A-8-V-N-C-A~K~K-1-V-8-D-G~D~G~M-H-A~W-V=-A-W~-R-N-R~C~K~G~T~D-V-Q-A-W-I-R-G-C-R-L

Sequence from: Canfield, R.E. (1963) J. Biol. Chem. 238, 2698-2707; and

Canfield, R.E. (1965) J. Biol. Chem. 240, 1997-2002.

Hote: Disulphide bridges between Cysy and Cys;,;, Cysyo and Cysy1x: Cysgy and Cysgq, and

Cys,g and Cysg,.
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xiv, HORSE HEART CYTOCHROME C

-

AC-G-D~-V-E-K-G-K-I~F-V-Q-K-C~A~Q~C-H-T~V~E~K~G-G~K~H~K-T~G~P-N-L-H-G-L~F~G~R~K~-T-G-Q-A~P
~G-F-T-Y=T-D-A-N-K-N-K~G~I-T-H-K-E~E-T-L~M~E-Y~L~E-H-P~K-K~Y-I-P-G-T-K-M-I-F-A-G-I~K-K-K
~T~E-R~E-D-L~I~A-Y-L~K-K-A-T~H~E

Sequence from : Okunuki, K., Kamen, M.D. Structure and Function of

Cytochromes University park press, 1968.
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